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COPPER-NICKEL ALLOYS — RESISTANCE TO CORROSION AND BIOFOULING

INTRODUCTION

The attractive corrosion- and biofouling-resistance of
copper-nickel alloys in seawater and related environments
have led to their substantial use in marine service for many
years. This introduction, will review the properties of the
more commonly encountered alloys, while subsequent
papers will detail some of their applications.

Historical

The two main, wrought copper-nickel alloys chosen for
seawater service contain 10% or 30% nickel, respectively.
Both have important additions of iron and manganese
which are necessary to maintain good corrosion resis-
tance. Theirdevelopment was based uponthe understand-
ing of how these additions, particulary iron, influence the
§l|oys‘ properties.

Development work began in the 1930s in response to
a requirement by the British Navy for an improved con-
denser material. The 70-30 brass used at that time could
not adequately withstand prevailing seawater velocities.
Based on observations that the properties ot 70-30 copper-
nickel tended to vary with iron and manganese levels, a
composition was sought to optimize resistance to velocity
effects, deposit attack and pitting corrosion. Typical levels
of 0.6% iron and 1.0% manganese were finally chosen."

Once successful service experience was achieved,
interest was transferred to lower nickel compositions, ini-
tially as a replacement for copper seawater pipe work in
naval applications. The 10% nickel alloy was eventually
chosen, although in this case the optimum composition
was identified to have a higher iron content and lower
manganese levetthanthe 70-30 alloy attypically 1.5% and
0.8%, respectively.

Since the 1950s, the 90-10 alloy has become accepted
for condenser service as well as for seawater pipe work in
merchant and naval service. In naval vessels, the 90-10
copper-nickel is preferred for surface ships; whereas, the
70-30 alloy is used for submarines because its greater
strength makes it more acceptable for the higher pressures
encountered. These alloys are also used for power station

C.A. POWELL, Consuttant, Nickel Deveiopment Institute

condensers and offshore seawater pipe work on oilgas
pllatf.orms. Large quantities are selected for the desalina-
tion industry and they are additionally usedfor cladding and
sheathing of marine structures and hulls.

Composition

When comparing intemational specifications, the com-
positional ranges of the two alloys vary slightty from speci-
fication to speciication as can be seen in Table 1. In
practice, these variations have little influence onthe overall
service performance of the alloys.

Iron is essential for both alloys because it provides
added resistance to cormosion caused by velocity effects
called impingement attack. Figure 1 shows the effect of
iron content on the impingement attack on $0-10 copper-
nickel from 30-day tests obtained at 3 rmvs water velocity.@
This is taken from the data compiled by various authors and
different test facilities. A distinct minimum is apparent
between 1.5 and 2.5% iron. Optimumiron levels are aresult
of solid solubility. The corrosion resistance improves with
increasing iron so long as it remains in solid solution. The
specification limits for alloys were set by this obsarvation.

Other properties also require consideration, and
Figure 2 shows a schematic presentation by Gilbert™ and
of the iron compositional balance sought in the 90-10 and
70-30 alloys to optimize impingement resistance andresis-
tance to vanous forms of kocalized corrosion.

Manganese is necessary as a deoxidant during the
melting process, but its effect on corrosion resistance is
less well defined than iron's. At lower levels of iron content,
however, higher manganese levels lead to improved im-
pingement properties.

Impurity levels must be tightly controlled because
alements such as lead, sulphur, carbon and phosphorus,
while having minimal effect on corosion resistance, can
influence hot ductility and, theretore, influence weldability
and hot workability. Reputable suppliers are aware of this
and andeavor to manufacture matenal with restricted impu-
rity levels well within the specitications.
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Mechanical Properties

Typical annealed mechanical properties for the two
copper-nickel alloys are shownin Table 2. Both alloys have
good mechanical strengths and ductilities, although ine
higher nickel alloy does possess the greater inherent
strength. Both alloys are single phase, solid solution alloys
and cannot be hardened by heat treatment. The strengths,
however, can be increased by work hardening. Whereas,
90-10 copper nickel tubing can have a proof stress of 100-
160 N'mm? when supplied in the annealed condition, this
could typically be 345-485 N/mm? in the as-drawn condi-
tion.

Physical Properties

A comparison of the physical properties of the two
alloys are given in Table 3.4 Of particular interest for heat
exchangers and condensers are the thermal conductivity
and expansion characteristics. Although conductivity val-
ues for both are good, the 90-10 alloy has the higher value.
This partly explains the alloy’s greater popularity for heat
exchanger and condenser service, where higher strength
is not the most important factor.

The 70-30 alloy is essentlally nonmagnetic and has a
magnetic permeability very close to unity. The 80-10 alioy
with higher iron content is nonmagnetic, if the iron can be
retained in solid solution during processing. For 80-10
tubing used in minesweepers, air cooling after the final
anneal suppresses precipitation sutficiently to provide low
permeability.

CORROSION RESISTANCE

Metals and alloys are subject to several forms ot
corrosion in seawater including general wastage, impinge-
ment attack and localized corrosion, such as pitting, crev-
ice corrosion, stress corrosion cracking and intergranular
attack. The continued use of copper-nickelin seawater has
contirmed its good resistance to the wide range ot comosion
mechanisms.
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General Corrosion

General corrosion rates for 90-10 and 70-30 copper-
nickel alloys in seawater are low, ranging between 0.028
and 0.0025 mmvyr® For the majority of appiications, these
ratas would allow the alloys to last the required Wetime, and
there would be little probability of their premature failure in
service due to such a corosion mechanism.

Fourteen years of data collected at the LaCue Center
for Corrosion Technology at Wrightsville Beach, North
Carolina, USA, for 80-10 and 70-30 alloys™ in quiet, flowing
(0.6 mvs) and tidal conditions are shown in Figures 3 and
4. It was found that, in all instances, cormosion rates were
higher during earty stages of testing, before stabiizing at
lower values. The highest initial corrosion rates were found
in flowing seawater; atthough in the latter years of testing,
the corrosion rates for 90-10 were similar in all the condi-
tions. For 70-30 copper-nickel, this was true for quiet as
well as flowing conditions, but corrosion rates were consis-
tently lower for tidal conditions throughout. Both alioys
show low general corrosion rates, with the 70-30 afioy
having slightly better overall levels.

Pttiing and Crevice Corrosion

Alloys protected by a passive film, such as stainless
steels, tend to have low general corrosion rates but can
sutfer localized corrosion once the film is damaged. This
occurs in susceptible alloys, particularty at velocities of less
than 1 mvs when marine fouling attachments can form
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addional crevice sites. Al higher veloclies, marine
isms have dificully becoming attached. i

ARhough copper-nickeis have a pessive surface fim,
they have advaniages over some ofher allioy types by
having & high resistance 1o biclouling, theredy decreasing
the number of potential skes where cCorrosion could occur.
The copper-nickais aiso have a high inherent resistance to
pitting and crevics corrosion in quist seswater. Piiting

rates can conservatively be expeciedto be well
beiow 0.127 mmv/year. Stxteen-year tests”™ on 70-30 alloy
reporied the average depth of the twenty deepest pis 1o be
less than 0.127 mm. When pits do occur, they tend o be
st_malowmdbroadhnmnandnolwmdewtymd
pitting which can be expected in some other types of alioys.

Crevice commosion seidom occurs in -nickel a-
mwmwhmmmmw non.®
When encountered, I tends to be metal lon concentration
cell corrosion - the opposite of that in stainiess
steels, for exampie. Metal ions accumulate in the crevice
area and the crevice becomes nobis. Dissolution occurs
adjacent 10 the crevice on surfaces exposad to oxygenated
buk seawater. Water velocly can aggravate this type ot
attack, akhough penetration rates are unikely to e severe.

Stress Corrosion Cracking

The 90-10 and 70-30 copper-nickels are resistant to
chioride- and suiphide-stress comosion cracking.

Some copper-based alloys such as aluminum brass
muﬂeﬂ&mwmbnaadcﬂ;hﬂnmu
ammonia. In practice, this prevents their use in the air-

noble than the 90-10 alioy but not signifi-
be

Denickelification in the 70-30 alloy has been encoun-

tamdoccasbnaﬂyhralwyovameadcommersawm' ;
where hydrocarbon streams condense at lempearatures
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above 150 C. This appears to be due to thermogalvanic
effects resulting from the occurrence of local hot spots. The
solution has been to remove deposits which lead to the hot
spots, either by more frequent cleaning or by increasing
flow rates.

PROTECTIVE FILM FORMATION

The good corrosion resistance in seawater otfered by
copper-nickel alloys results from the formation of a protec-
tive oxide film on the metal surface. The film forms naturally
and quickly following the alloys’ initial exposure to seawa-
ter.

in clean seawater, the film is predominantly cuprous
oxide, with the protective value enhanced by the presence
of nickel and iron. Cuprous hydroxy-chioride and cupnc
oxide are often also present.”¥

The film can be brown, greenish-brown or brownish-
black. In 90-10 copper-nickel, the film thickness can be on
the order of 4,400 A.=»

The rate of film formation was portrayed by Tuthill®
from measurements of the copper content of condenser
seawater eftluent over a three-month period after start up,
Figure 5. Copper contant was found to decrease to 1/10in
ten minutes andto 1/100in an hour. After three months, the
copper in the effluent was at virtually the same level as that
in the intake water. This indirectly shows that the maturity
of the protective film reduced the comosion rate of the
condenser tube surfaces.

The film, however, continues to become even more
protective with time, as indicated by comosion rate mea-
surements made over several years. Studies in quiet
seawater show that the timespan approac-25 four years
before the decreass in corrosion rate becc ~¢s negligible.
In flowing water, the corrosion rate, as shown in Figures 3
and 4, was found to decrease continually over at least a 14-
year period, the eflect being similar for both 80-10 and 70-
30 alloys.The composition and properties of the film de-
pend on the ailoy composition and the condition of seawa-
ter atthe time of initial exposure. In polluted seawater, any
sulphides present can interfere with film formation, produc-
ing a black tilm containing cuprous oxide and sulphide.®
This film is not as protective and adherent as films formed
in ynpolluted water. Howaver, if an established cuprous
oxide tilm is present, then periodic exposure to polluted
water can be tolerated without damage to the film.

EFFECT OF VELOCITY

The combination of low general comosion rates and
high resistance to pitting and crevice corrosion ensures
thatthe copper-nicket ailoys will perform well in quiet, clean
seawater. As the flow rate of seawater increasas, the
corrosionrate remains low due to the protective surface film
on the alloys. However, once the velocity is such that the
film becomes damaged and the active undertying metal is
exposed, erosion corrosion (impingement attack) will occur
rapidly. The seawater velocity at which this occurs is often

called the "breakaway velocity” and different copper-based
alioys show ditferent breakaway velocities.

Figure 6, prepared by Gilbert,™ can be used to ikus-
trate the relative velocity limitations for varous copper-
based alk., .. The 90-10 copper-nickel has better impinge-
ment \osistance than aluminum brass, which in tum is
better than copper. The 70-30 alloy shows better resis-
tance than the 90-10 alloy.

This is not a complete represenation, however. Rates
of attack are not only dependemt on seawater velocity but
also on pipe work dlameter.

Many studies have evaluated the impingement resis-
tance for marine condensers and piping involving several
types of test apparatus, including rotating discs, rotating
spindles, model condensers, multi-velocity jettests and jet
impingement tests. These triais have proved reilable in
ranking materiais as a function of impingement resistance,
but tr:?lts vary from one test apparatus and laboratory to
another.

Table 4 compares results of tests on condenser tube
alloys using the jet impingement technique in two laborato-
ries; one in the UK and the second inthe USA. Thesatests
involve a jet of seawater containing 3% air, projected at
about 5 nvs against a metal surface and then taking
measurements of the depth of attack. Alloys with high
resistance to impingement attack, such as iron-containing
copper-nickel, show less penetration in this test than alioys
of lower resistance. However, in this work it is notable that
once-through natural seawater at the USA laboratory caused

TABLE 4

Z2MPARISON OF TME RESULTS IF TESTS ON ZONDENSER TUNE ALLOYS N
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greater attack in general than the recirculated water used
nthe UK trials.™ Note, 100, the beneficial eftect of the high
iron content in the 70-30 copper-nickel ailoy.

General experience has shown that 90-10 copper-
_ickel can successiully be used in condensers and heat
exchangers with water veloctties up to 2.5 mvs. For pipeline
systems, higher seawater velocities can safely be used in
larger diameter pipes as indicated by codes of practice.
BS MA 28, “Salt Water Piping Systems in Ships,” for
example, suggests a maximum velocity of 3.5 mvs in pipes
of 100 mm diameter and larger, decreasing to 0.7 nvs in
pipes of 10 mm diameter of smaller. For 70-30 copper-
nickel, the maximum design velocity is given as 4 mvs for
diameters of 100 mm or greater.

In practice, such guidelines have worked well because
they take into account normal velocity raisers within pipe
work systems, such as bends, etc., which can cause areas
of higher fiow rate.

Nevertheless, extreme turbulence has to be avoided.
Instances where this may occur include tight radius bends,
partial blockages and areas downstream of partially-throttied
valves.

One theory, based on work camried out by Efird,"" is
that seawater moving over a surface creates a shear stress
between the metal surface and the layer of seawater
closest to it. As velocity increases, shear stress increases
until the stress is such that it damages the protective film.

Efird studied and estimated the critical shear stress for
various alloys. Shear stresses exerted vary with velocity
and geometry as indicated by Figure 7. As pipe dlameters
increase, copper-based alloys tolerate higher nominal ve-
locities.

.d\

Sato and Nagata"® also showed that the shear stress
at the inlet end of a condenser tube is double that found
tarther down, Figure 8. This indicates why copper-based
alloys with higher resistance 1o impingement, such as the
copper-nickels, are necassary to withstand corrosion prob-
lems in such areas.

Four-month tests by Kirk"? using 102 mm ID, 90-10
copper-nickel, straight pipe work and long radius bends
showed good resistance to a 7.3 mvs seawater flow veloc-
ity. This indicated that safe velocities may be higher than
the 3.5 m/s maximum level often used in large-diameter
pipe work, particularty when protective films are formed in
clean, aerated seawater.

Although 90-10 copper-nickel pipe work may be limited
103.5 mvs, the shear stress phenomenon helps explainwhy
the alloy has been successtully used for ship hulls operat-
ing at 24 knots (12 mvs) with little thinning experienced.
More work is necessary to explain the full extent of hydro-
dynamics on a flow system.

Other copper-nickel alloys have been developed and
found to offer even better resistance to impingement at-
tack. In particular, a 16.5%Ni-0.5%Cr alloy developed by
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INCO in the 1970s has a much higher, critical shear stress
than the 70-30 alloy and is used for condenser and heat
gxchanger sefvice. Also a 2% Mn-2% Fe, 70-30 copper-
nickel alloy, developed for extra impingement resistance in
situations where entrained sand is presant in seawater, is
now successiully used in the more demanding areas of
desalination piants.

EFFECT OF SULPHIDES

Sulphides are present in poliuted water sither as indus-
trial etfluent or when water conditions support the growth of
suiphate reducing bacteria. They can also occur in stag-
nam seawater by decomposition of organic matter 1o
sulphides and ammonia.

Sulphides form a black corrosion product which is less
adherent and protective than the normal oxide film. Under
susceptible conditions, unwanted pitting or accelerated
general commosion May occur.

In the complete absence of oxygen, a sulphide film can
show an acceptable degree of protection. Syrett found that
corrosion rates still remain low in suiphide concentrations
as high as 55 g/m® and velocities up 10 5 mv/s.™ Howevaer,
the sulphides become detrimental it dissolved oxygen is
also present in the seawater, or f exposure to oxygen-iree
sulphide poliuted waters is followed by exposure to aer-
ated, unpoliuted waters.

The presenca of as little as 0.01 mg/l of sulphides has
been shown to accelerate attack of 90-10 copper-nickel in
aerated seawater, athough the combined influence of
velocity and sulphides makes the efiect more significant.
Flgurums and 10 illustrate this for 30-10 and 70-30 copper-
nickels.

Various explanations exist to describe how the cormo-
sive influence of sulphides can be linked to the surface film.
One explanation is that the sulphide film has been found by
potential measurements to be galvanically more noble thar
the normal film. It is less adherent, and when damaged by
impingement, the more active base metal is exposed anc
the corrosion rate is galvanically influenced.

Whatever the reasoning, the sulphide film which form:
in poliuted water will be replaced by a normal oxide fitn
once the polluted seawater is replaced by clean, aeratex
seawater. This occurs when vessels are fitted out in pol
luted harbors and then operate in the open sea. Highe
corrosion rates do corntinue for some time during thi
transition period. Syrett found that the transition can tak
nine days. Experience has ghown that as soon as vesse
begin regular operation, the normal protective film,onc
adequately formed, will aiso persist during subsequer
harbor visits.

The ideal situation, whether in a ship or power plant,
to recirculate aerated, clean seawater at initial start up
sutficient time to form a goed protective film. Whenforme:
this provides a high degree of corosion protection
subsequent exposure t0 sulphides.
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in situations where it iS not possible to use clean
seawater, circulating the system inttially with fresh water
containing ferrous sulphate additive will encourage effec-
tive film formation.”®

If poliuted seawater is introduced at start up, it is impor-
tant to keep the water circulating to enable agration and to
keep the pH at neutral or above. The system should be
drained and air-blown dry for standby period of 3-4 days or
more.

Forsituations where there is brief exposure to sulphides
during nomal operating service conditions, clean seawa-
ter should be returmed as soon as possible. Normal harbor
turnaround times, which often invoive exposure to poliuted
water, have rarely led to significant corrosion problems.™

For other situations where the metal surface becomes
exposed to sulphides under deposits or sediment caused
by sulphate-reducing bacteria (e.g., where deposits are not
removed fromtubing), the remedy is simply property sched-
uled cleaning. Such cleaning is usually scheduled at 2-6
month intervails and accomplished by water flushing or
cleaning with nonmetallic brushes. This procedure is aiso
necessary to restore optimum heat transfer.

Where there is long-term exposure to deaerated
sulphide-containing seawater or reguiar (e.g., daily tide
changes) altemating exposure o sulphide-poiiuted and
aerated waters, copper-nickel is not generally recom-
mended.

THE EFFECT OF SEAWATER TREATMENTS

Ferrous Sulphate

Ferrous ion additions are commonly usedto reduce the
cortosion of copper-nickel alloys either by a direct addition
of terrous sulphate or by means of a driven iron anode.

Ferrous ions in seawater are very unstable and can
decay within as little as three minutes.® Therefore, the
treatment is more etfective when additions are continuous
rather than intermediate.Fermrous ion treatment has been
found to suppress the corrosion rates of copper-nickel in
poth polluted and unpolluted conditions. However, it is
particularly attractive when sulphides are present in the
seawater. For example, 1o encourage good initial fllm
formation during fitting out, a system can be filled initially
with fresh water containing 5 ppm ferrous suiphate and left
inthe system for one day. After this, the system can be used
for normal fitting out purposes, but the ferrous suiphate
solution (S ppm concentration) should be recirculated for
one hour per day throughout the fitting out period.™ This
practice is also useful when systems are retubed or re-
newed.

During normal service on ships, additional ferrous
sulphate dosing is seldom required. Athough il exposure to
known polluted water is going 10 occur (e.g., when entering
port), a reasonable additional precaution would be to acd
5 ppm ferrous sulphate for one hour per day during the
three days prior to entering, while in, and after leaving pont.

One treatment per week can be applied throughout a
prolonged voyage.

Ferrous sulphate is not essentlal to successtul perfor-
mance but can be viewed as a remedy when trouble has
occurred or as a precaution if trouble is Iikely. Most ships in
service have operated successfully without any ferrous
sulphate dosing.

Chiorination

' ;:hbrine Is used as an etfective biocide when injected
continually so that 0.2 to 0.5 ppm residual is maintained at
the outlet tube sheet of a power plant condenser.®

Copper-nickel tubing is resistant to chiorination at con-
Centrations normally required to control biofouling. Exces-
sive chiorination, however, can damage copper alloy tubing.

There is some evidence that at high veloctties, chiori-
nation has the effect of increasing the impingement rate in
the 90-10 alloy; although in 70-30, the rate is decreased.™
Figures 11 and 12 illustrate this effect, showing plots of
chiorine level verses impingement attack in 90-10 and 70-
30, respectively. An impingement jet velocity of 9 nvs was
used. It should be noted, however, that 9 mvs velocity is not
normaily encountered or recommended for copper-nickel
alioys.

BIOFOULING

Marine biofouling is commonplace in open waters,
estuaries and rivers. it is commonly found on marine
structures including pilings, offshore plattorms, boat huils
and even within piping and condensers. The fouling is
usually most widespread in warm conditions and in low
velocity (<1 rvs) seawater. Above 1 nvs, most fouling
organisms have difficulty attaching themselves to surfaces
uniess already secured. There are various types of fouling
organisms, particularty, plants (slime algae) sea mosses,
sea anemones, barmacies and molluscs (oysters and mus-
sels). In steel, polymers, and concrete marine construction,
biofouling can be detrimental, resulting inunwanted excess
drag on structures and marine craft in seawater or causing
blockages in pipe systems. Expensive removal by me-
chanical means is often required. Altematively, costly pre-
vention methods are often employed, which include chion-
nation of pipe work Systems or antifouling coatings on
structures.

Marine organisms attach themselves to some metais
and alloys more readily than they do to others. Steels,
titanium and aluminum will foul readily. Copper-base al-
loys, including copper-nicked, have very good resistance to
biofouling, and this property is used to advantage. In the
case of copper-nickel, it Is used to minimize biofouling on
intake screens, seawater pipe work, water boxes, cladding
of pilings and mesh cages in fish farming. A prime example
of this was in 1987 when two early copper-nickel hulled
vaessels, the Asperida /I and the Copper Mariner, were
located after being in service for 21 and 16 years, respec-
tively. Neither vessel required hull cleaning or had suffered
significant hull cormosion during that time. "¢
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1ype of fouling was runicates, bryozoa and serpulids. There
was littie 10 distinguish between the 90-10 and 70-30 alloys,

Figures 13 and 14.

it was noted in the Efird trials that, at vanous intervals
during exposures. the fouling would become detached and
then new fouling would aftach nsqﬂ. It should be noted,
nowevef, that these trails were carried out under relatvely
shettered conditions where slime layers are allowed to
\nicken to a point where biofouling can become attached.
With the wave action on offshore platforms or with the
normal flow velocities in cooling systems, the slime layer
would not reach a thickness on copper-nickel 1o permt

agachment.

Another study by Jackson at Langstone Harbour'® in
ihe UK looked only at 90-10 copper-nickel. This examined
the exposure of four different test panels at two types of
testing stes. The intention was 10 examine the biofouling
nehavior of cathodically-protected compared to freely cor-
roding copper-nickel for structural sheathing.

The four panels are depicted in Figure 15. Fromleftto
nght, the figure shows a steel panel attached to an alumk-
num anode. a cathodically-protected composite panel of
steelwith copper-nickel sheathing welided onto i, a coppefr-
nickel panel protected by an aluminum anode, and atreely-
corroding copper-nickel panel. A hole had been dnlled in
the composite panel with copper-nickel sheathing to ex-
pose a small area of steel.

One test rack was attached to a floating raft so that i
would be immersed 1o the same depth of water, regardiess
of the tide. A second rack was attached o a sand bank and,
therefore, was attemnately immersed in seawater and then
exposed to the atmosphere for 8-hour intervals every day.
The raft trial lasted 137 weeks; the sand bank triat ceased
atter 378 weeks.
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For the raft trial, R was found that slimes were formed
on the steel betore any of the copper-nickel surfaces. But,
by the end of the first fouling season, biotouling was evide nt
on all cathodically protected panets. This was in the form of
sea squirts, sponges and, later, from weed. The fouling,
however, couid be dislodged more easity trom the cathodi-
cafty protected copper-nickel panel than from the steel.

. The treely corroding panel developed a green, cormo-
sion product fikim auring the first weeks. There was minor
attachment during successive fouling seasons, Figure 186,
but these were lost during the lollowing winter penods.

There was no preferential corrosion ot the steelon the
composite panel adjacent to where the copper-nickel was
welded to the steel, and only superficial corosion had
occurred on the steel below the drilled hole.

This work shows how resistance 1o biofouling relies on
the copper-nickel being in the lreely cormoding state. With
cathodic protection, biofouling will occur, although organ-
isms do not appear 10 attach themselves as tightly to
copper-nickel as they would to steel.

On the hall tide site, the patiem of fouling was ditferent
and took longer 10 develop. In the tirst few months calcar-
sous ceposits were formed on the cathodically protected
copper-nickel. Bamacies wers the first 1o colonize. On the
composite panel this was inttialty on the welds, Figure 17,
which had been made with a 70-30 consumable, indicating
that the higher-nickel alloy (Inthe early stages at least) was
less biofouling resistam. By 55 weeks, Figure 18, some
fouling in terms of bamacies and weed was evident on all
panels, atthough the freely corroding panel had signif-
cantly less. The bamacles on the protected copper-nickel
were easily removed by a light rubbing with a finger.

After 378 weeks, all protected panels were well cov-
ered. and some biclouling was evident onthe freely corrod-
ing panel, Figure 19. The fouling could be more easily
removed from all the copper-nickel surfaces than from steel
surfaces.

Like Efird. Jackson noted different types of biofouling
after the ditferent types of exposure. He also noticed signs
of biofouling removal that went beyond the regular reduc-
tion found during the winter season, whichwas considered
10 be due to wave action.

Expianstions for Biofouling Resistance

Inthe past.theneodtomoppefandcopper-nid&enobo
treely cormoding to exhibd biotouling resistance has led
rasearchers to believe that it is the copper ion entering the
seawater that I8 10xiC 10 Marine organsms. Efird argued
from hig studies that this was incorrect because 90-10 and
70-30 oopp-or—nidwtwomdodtarmsbwfythan copper
and still exhibited similar biofouling resistance ovef long-
term exposures. He considered that # was the surface film,
isell, which was inhospitable to biofouling.

The toxic-ion-being-released- imo-sea-water theory was
turther disputed by Efird based on tests he carried out on
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30-10 samples half-coatéd with nontoxic paint, Figure 20,
over a peniod of 24 weeks. !f leaching of copper ons was the
phenomenon, some Protection of the nomoxic surtace
would be oftered. Due 10 the distinct cut-off line after 7
weeks, this did not appear 1o be the case. By 24 weeks.
forling on the nontoxic surtace.had started to creep above
the copper-nickel which 3iso, would not have been ex-
pected with the leaching theory.

Because itwasfound that, after extended time penods,
the copper-nickel alloys tend to attemnately lose and gain
their fouling resistance, Efird concluded that the film s
duplex in nature. t was thought that the intial cuprous oxige
film is resistant, but when it oxidizes atter extended expo-
sure to form a green cupric hydroxychloride, feuling seems
to increase. Because the second film is not so adherent, n
can be easily removed, preventing secure attachment.
Once sloughed off, the exposed surface is resistant again.

Microfouling

Copper alloys have good resistance 1o microfouling,
although they are not totally immune to it. Microfouling can
be found in heat exchanger and condenser tubing. Flgure
21" shows the reduction in heat transter for 30-10 copper-
nickel that results from the growth of microfouling film on
the inside wall in clean seawater at 1.8-2.4 mvs over 180
gays. A 90- to 100-day imerval between cleanings for
copper alloys was indicated and it compared favorably with
the 10-day interval found necessary tfor other alioy con-
denser tube in the study.

The abiiity of copper-nickel to resist microfouling and
remain effective as a heat transfer surface in seawater for
the 3- to 4-month normal intervals between mechanical
c'eanings, wrthout chlonnation, is of clear bene!t and one
o the reasons why copper-nickel continues as a useful
tubleg material wherever saline waters are used 10r cook

ing.
CONCLUSIONS

Both the biofouling- and corrosion-resistance proper-
ties of 50-10 and 70-30 copper-nickels appear strongly
linked 1o the nature of the protective film formation on the
alloys’ surtaces. From vanous observations and studies.
this film is complex and variable, aithough ts imponancs s
never in dispute.

The passive surface is responsibie for high resistance
to general corrosion, pitting, crevice attack and stress
corrosion cracking. Resistance 1o velocity etfects encoun-
teredunder normal systemflow rates is also good. atthough
excessive turbulence may damage the protective film.

The inhospitable nature of the surface film is agdition-
ally thought to be the reason for biofouling resistance in
copper-nickel alloys. To maintain this property, a freely
corroding state is necessary.
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Color plates, Figures 13 - 20, may be found on the
following six pages.
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Figure 15,

Raft Site.

Mounted panels being
lowered into place.

Figure 16.
Raft site.
55 weeks immersion.






Figure 18.
55 weeks on half tide

site.

Figure 17.

90-10 copper nickel
and 50D steel after
16 weeks on the half
tide site.







Figure 19.

Insulated 90-10 Copper Nickel aft
half tide site.

er 378 weeks on
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MATERIALS SELECTION FOR HIGH RELIABILITY SEAWATER SYSTEMS

BRIAN TODD, Consuttant to the Nickel Development Institute

Seawater systems are used by many industries such
as shipping, offshore oil and gas production, power plams
and coastal industrial plants. The main use of seawater is
for cooling purposes but it is aiso used tor fire fighting, oil
tield water injection and for desalination plants.

The corrosion problems in these systermns have been
well studied over many years, but despite published infor-
mation®" on materials behavior in seawater, faiures still
occeur.

Economic factors have to be considered in selecting
materials for these systems and in this context, essentially
two types of system can be considered, as follows:

1. A low initial cost system largely based on carbon
steel and cast iron which will require considerable
maintenance overthe life of the plant. Such a system
is a reasonable choice in areas where labor costs
are low and material is readily available.

2. A system based mainly on alloy materials which, if
correctly designed and fabricated, will require mini-
mum maintenance and will tunction rellabty. Rising
labor costs in most industries, togetherwiththe need
for high reliability in capital intensive plant has pro-
duced a trend to this type of system.

In practice many systems are a mixture of these two
logical approaches resutting in the high initial costs of one
and the high maintenance costs of the other. For exampie,
aplant which has experienced costly replacement to galva-
nized steel piping may replace it with copper alioy piping
leaving valves fittings, etc., in carbon steel and cast iron.
The resulting galvanic corrosion effects result in reduced
life for these parts. Thus, higher initial costs have resulted
in reduced reliability and high maintenance costs.

It is essantial therefore in selecting materials for sea-
water systems to treat the system as a whole. This should
include the heat exchangers where these are pan of the
system. However, this paper is confined to the seawater
systems.

Another source of problems is the ditferent require-

ments of plant builders and plant operators. The former,
often bidding under competitive economic pressures, has
to meet the normal one-year guaramee at minimum cost.
Seawater, although corrosive, does not normally cause
rapid catastrophic failures. For example, carbon steel im-
mersed in seawater corrodes at about 0.1 mmvyr; whereas
in, say, dikute acid, it corrodes at 100 times that rate. it is
possible, therefore, to build a seawater system largely from
carbmf)n steel and cast iron to meet the guarantee require-
ment.

The plant operator, however, may require a 20-year
trouble-tree life but is often unwilling to specity the required
material and accept the higher initial costs. it is not unusual
tofind a process plan successfully handling corrosive acids
but shut-down because of problems in its seawater system
which has not been given the same care in materials
selection as the process equipment.

Materials selection for the two basic systems specified
above are given in the following sactions. it shouid be
noted, however, that vasious studies of materials in seawa-
ter systems have concluded,®* that systems based on
alloy materials are more economicona life cycle costbasis.

CORROSION CONSIDERATIONS
General

The corrosion behavior of materials commonly used in
seawater systems has been reviewed Dy the author in
Reference 6. Data from this review will be used in this
paper and only two factors influencing corrosion behavior,
namely velocity and temperature, will be considered hera.

Ettect of Velocity

Velocity is the most important single factor influencing
desigh and corrosion in seawater systems. Velocity of
seawater through the system influences pressure losses

and thus pumping costs.

The design velocity chosen controls the dimensions of

many components, fof example, piping and valves. As the
costs of these components increase rapidly with pipe
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diameter, then pumping costs and component costs have
to be optimized. However, velocity also influences the
corrosion behavior of the materials, and the design value
chosen is often controlled by corrosion considerations.
This is the case for carbon steel and copper-base alloys.
However, for stainless steel systems, corrosion under flow
conditions is not a problem.

Corrosion of carbon steel in seawater is controlled by
the availability of oxygen to the metal surface. Thus, under
static conditions, carbon steel corrodes at between 0.1 and
0.2 mmvyr, reflecting the oxygen level and temperature
variations in different locations. Pitting also occurs.

As velocity causes a mass flow of oxygen to the
surface, corrosion is very dependent on flow rate and can
increase by a factor of 100 in moving from static (zero
velocity) to high velocity (40 nvs) conditions.

Galvanizing confers only limited benefit under flow
conditions, as corrosion of zinc also increases with velocity.
Forthe thicknesses normally used in seawater piping, k will
extend the life of the pipe for about six months.

The copper base alloys are velocity limited as impinge-
ment attack occurs when the hydrodynamic effect caused
by seawater flow™ across the surface of such alloys ex-
ceeds the value at which protective films are removed and
grosion-corrosion occurs. Thus, these alloys, if they are to
exhibit high comosion resistance must be used at design
velocities below this limiting value.

Stainless steels are not subject 1o impingement attack,
but are prone to pitting and crevice corrosion under low
velocity conditions and this must be taken ino consider-
ation when these alloys are used in seawater.

In recent years grades of stainless steel with high
reSistance to pitting and crevice comosion have been
developed. These are used for seawater system compo-
nents such as piping and vaives. These alioys are either:
austenitic with about 20% chromium, 7% nickel and 6%
molybdenum, pius nitrogen; or duplex with about 25%
chromium, 7% nickel, 4% molybdenum and nitrogen.

Nickel base alloys such as Inconel™ Alloy 625,
Hastelloys™ C-276 and C-22 and titanium are not subject
to pitting or crevice corrosion in low velocity seawater, nor
do they sutfer impingement attack at high velocity. How-
ever, price limits their use {0 special applications in seawa-
ter systems.

Table 1 provides data on some of the materials com-
monly used in seawater systems. Details of composition
are given in Appendix 1.

Because of the importance of velocity, #t is usual in
many systems to base design of pipe diameters on this
factor and allowable design velocities are assigned to
commonly used pipe materiais.”

In considering velocity, it is important to note that local
velocities may vary considerably from design velocity. This

is particularty important where features of the system such
as smali radius bends, orifices, partly throttied valves,
misaligned flanges, etc., which can generate turbulence,
give nise to local high velocities which may accelerate
corrosion. R follows that design and fabrication of the
system should aim at minimizing turbulence raisers.

Eftect of Temperature

Few data are available on the effect of temperature
within the range normally encountered in seawater Sys-
temns. it has been noted at the La Que Center for Technol-
ogy that corrosion of carbon steel increases by approxi-
mately 50% between the winter (average temperature 7 C)
and summer (27-29 C). Although oxygen solubility tends to
fall with rise in temperature, the higher tamperature tends
to increase reaction rate. Evidencs from work™ on steel in
potable waters suggests that the temperature effect is
more important and comosion, for steel, will increase with
temperature.

For copper alloys, increase in temperature accelerates
film formation; This takes about one day at 15 C, whereas,
it may take aweek or more at 2 C. It is important to continue
intial circulation of clean seawater long enough for initial
fiim formation for all copper alloys. More time is needed for
winter than for summer start-ups.

For stainless steels and other alloys prone to pitting
and crevice comosion, increase of temperature tends to
taciltate initiation of these types of attack. However, data
on propagation rate™ suggest that this declines with.rise in
temperature. The net efiect of these conflicting tendencies
is not aways predictable. Temperature also influences
biological activity which may, in tum, influence corrosion.

MATERIALS SELECTION IN SEAWATER SYSTEMS
PIPING
Low Initial Cost Systems

For low initial cost systems, materials such as mild
steel, cast iron and steel with cement or organic coatings
are used for piping. Data on steeis show that the corrosion
rate in flowing seawater increases from about 0.1 mmvyr
under static conditions to aimost 1 mmvyr at 3 mvs. As
velocities in local areas of turbulence can easily exceed 3
mvs, even when the design velocity is much lower, corro-
sion tends to be accelerated in such areas. Also, as pipe
thickness tends 1o increase with diameter, experience in
systems with steel pipes show that failures commenca first
in the smaller diameters and, as the service lie increases,
failures occur on larger diameters so that repair costs
accelerate with time. Cast iron behaves in a similar way to
carbon steel. Small diameter steel or cast iron pipes are
also easily clogged by corrosion products H not in continu-
ous service.

Cement lined pipes are sometimes used. The main
considerations here are:

1. Needforcare inhandling and titting. if pieces of the
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TABLE 1

EFFECT OF VELOCITY ON THE CORROSION OF METALS IN SEAWATER

Quiet seawater 0-0.6 m/s

Alloy Average Maximum 8.2 m/s 35-42 m/s
corrosion rate pieung Corrosion Corrosion
in mm/ycar mm Rate Rate

mm/year | mm/year

Carbo‘n steel 0.075* 2.0 - 4.5
Grey cast iron 0.55 1.9 4.4 13.2
(graphitised)
Admiralty Gunmetal 0.027° 0.25 0.9 1.07
85/5/5/5 Cu Zn Pb Zn 0.017" 0.32 1.8 1.32
Ni Resist Cast lron Type 1B 0.02"" Nil 0.2 0.97
Ni Al Bronze 0.055""" 1.12 0.22 0.97
(BS 1400 AB2-C)
70/30 Cu Ni « Iron < 0.02° 0.25 0.12 1.47
‘[:;)pe 316 Stainless Steel ‘ 0.02* 1.8 < 0.02 £ 0.01
6% Mo Stainless Steel (typical) 0.01 Nil " < 0.02 £ 0.01
Ni-Cu Alloy 400 0.02° 1.3 < 0.01 0.01
* 3-yr test at Harbor Island, North Carolina

42-month test at Freeport, Texas

6-year test at Kure Beach, North Carolina
442-day test at Kure Beach, N.C. Alloy 10.6% aluminium, 2.5% iron, 5% nickel,

0.75% manganese.

e l-year crevice corresion data on Avesta 254 SMO, Swedish West Coast.
All the above data (except velocity data for 6% Mo stainless steel) are taken
from actual test results and are thus not exactly reproducible. This is

particularly- true of the maximum depth of pitting which may vary widely from
test to test.
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lining break off, the area of bare steel exposed is
anodic to the steel embedded in the cement.
Potertial ditferences up 1o 400 mV have been
measured'® between embedded and exposed
steel. The corrosion rate in such a cell will be
determined by the flow of oxygen through the
cement and, as the area relationship of embedded
to exposed steel is high, the corrosion rate can be
high.

2. Joints at valves and fittings. (Similar consider-
ations apply as in tem 1, above). All joints must be
covered with a cement lining if corrosion is to be
avoided.

3. Spalling off of linings. if corrosion occurs, then the
corrosion product produced will tend 10 cause the
lining to spall off and pieces of lining can partially
block heat exchanger tubing causing local im-
pingement attack. Physical damage can also cause
the lining to spall with similar results,

Cement linings are most effective in long, straight runs
of large (over 1 m) diameter. The ability to maintain lining
integrity decreases rapidly with diameter, number of fittings
and valves.

Othertypes of linings have been considered and some-
times used for seawater piping. A study by BSRA( on a
wide range of pipe linings showed that only two, namely
chiorprene and soft natural rubber withstood laboratory
tests simulating shipboard conditions. In terms of piping
costs they offered economic advantage over non-fermous
piping only in sizes above about 150 mm diameter. This
study did not compare installed costs and Lim"*® found that
installed cost of lined pipe on an offshore platform showed
only a marginal cost advantage over 90-10 copper-nickel
pipingThe advantage in materials cost being oftset by the
extra care needed for installation.

High Rellablilty Systems
General

in marine engineering upgrading from steel has tradk-
tionally meant a change to copper-base alloys and this
trend is also occu ming for offshore oil and land based plants
where high reliability is required. However, in recent years
systems based on high performance stainless steeis such
as the 6% Mo superaustenitic and the superduplexes have
been used by the offshore industry.

High reliability systems based on both copper-base
alloys and stainless will now be considered.

Copper-Alloy Systems

Two copper-base alloys have been widely used for
seawater handling, namely aluminum brass and 90-10
copper-nickel athough in recent years, particularty for
large diameter piping there has been a strong trend to-
wards 90-10 copper-nickel. When using non-ferrous piping
the system must be designed onthe basis of water velocity

in order to avoid impingement attack, even when some
turbulence (which will give rise o high local velocities) may
occur. Figure 1,"7 indicates how the probability of failure of
impingement attack increases with design velocity. For a
systte'n‘;:sith high reliability acceptable design velocities are
asfo ;

Copper 0.75 nvs
Aluminum brass 2.5 rmvs
90-10 Copper-nickel 3.0 rvs
70-30 Copper-nickel 3.5 mvs

The use of 70-30 copper-nickel is confined to subma-
rines where its high strength is advantageous. Due to the
low design velocity and hence large pgpe sizes, copper is
uneconomical except for small diameter piping tor essen-
tially domestic applications, so that the real choice is
between 90-10 copper-nickel and aluminum brass. Both
materials are technically suitable, provided the system is
designed to the water velocities given above and both have
been successfully used in many seawater systems. How-
ever, the cumrent trend is towards the use of 90-10 copper-
nickel, the reasons tor this being:

1. Its better weldability: Although aluminum brass can
be welded using aluminum bronze filler materials,
this is a relatively difficult procedure. Siiver brazing is
also used but this I8 expensive; firstly, because a
high silver content (50% min) alloy is needed to
provide the required cofrosion resistance; and sec-
ondly, because the technique Is difficuk and time
consuming for diameters above about 50 mm.

2. Its high stress cormosion resistance: 90-10 copper-
nickel does not normally require any stress relief
heat treatmert after fabrication. Aluminum brass
requires stress relief to avoid the possibility of stress
corrosion cracking to which it is susceptible in sea-
water. -

3. Its good experience: Gilbert"® reports only nine
cases of premature failure over a period of 20 years.
This is a remarkable result considering the large
tonnage of the alloy in use throughout the world. Only
three of the failures involved excessive turbulence,
suggesting cument design velocities may be conser-
vative.

itis also relevant to note that most of the worid's naries
have standardized on 90-10 copper-nickel for piping in
surface vessels, thus ensuring woridwide availabilty ot
facilities for fabrication of the alloy.

Some use has been made of aluminum bronzes for
piping incomponents such as pump columns. Nickel alumé-
num bronze is prefered for seawater, and usually in cast
torm (BS 1400 AB2C or UNS C95800). Care is needed with
components fabricated from plate as the heat affected
zones are sensitive to selective phase corrosion
(dealuminification) which can lead to cracking. Risk of this
can be reduced (but not eliminated) by heat treatment (at
650-675 C for six hours) after weid.



The design water velocities given above have been
proved in service over many yéars and, as experience has
been good, there has been a tendency to raise them to
achieve economies in pipe costs. British Standard BSMA
18 allows up to 3.0 rrvs for aluminum brass and 3.5 mvs for
9¢ * copper-nickel pipe for bores above 100 mm. Below
this size the velocity is reduced progressively. Although it
is logical from a consideration of water flow through pipes,
to expect a reduction in risk ot impingement attack with
increase in diameter and hence to allow higher water
speeds in larger diameter pipes, there are few data on
which to base design. One approach to this problem is {0
use the results obtained by Efird"® which relate the onset
of impingement attack to a critical shear stress (resulting
from the flow velocity) and pipe diameter. If the value of
critical shear stress of 43.1 NVm? (0.9 b/t!) for 80-10
copper-nickel is accepted, then it is possible to relate
critical shear stress to pipe diameter at a given seawater
temperature.

Table 2 provides some data for seawater at 5C
(Higher temperatures would give higher critical velocities.)

The values in Table 2 are based on parallel flow tests
over plane specimens and, as would be expected, are
higher than design water velocities which must allow for
localturbulence effects. Thus, these absolute values should
not be used as design values but couid provide a guide to
the designer to vary design water velocity with dlameter to
economize in system costs.

Stainiess Steel Systems

Although all stainless steels have high resistance to
flowing seawater, there is a need also for resistance to
comosion under static conditions and particularty in crev-
ices such as flange surfaces and under deposits. Attempts
to build seawater systems from standard grades of stain-

IT.S

TABLE 2
Effect of Pipe Dlameter on Critical Velocity In Seawater
at 5 C tor 90-10 Copper-Nickei

Minimum Plipe Diameter Calcuisted Critical

{mm"®) Veilochty for mpingement
(mvs)
72.18 4.70
103.00 485
154.25 5.08
212.30 5.25
315.00 5.42
447.20 5.52

* From Table 2 in British Standard BSMA 18.

less steel such as Type 316, have proved unsuccesstul.
Pitting, particularly at or near weids and In crevices,"® has
often resulted in perforation within a few months. It is
necessary, therefore, to chose an alloy with high resistance
1o localzed attack which is often defined as an alloy with
Pitting Resistance Equivalent Number PREN greater than
40. PREN is usually taken as Cro% + 3.3 Mo% + 16 N%.

The first successtul major use of stainiess steel for
seawater systems was in the Gulfaks oil field in the
Norwegian offshore sector where Avesta™ 254SMO (21%
Cr, 18% Ni, 6% Mo, 0.2% N,) was adopted. The reason for
this selection was the need for a material resistant to
altemate exposure to seawater and sulphide-containing oil
in the storage/ballast spaces in concrete platforms.

Usa of coppear-base alloys, which lose corrosion resis-
tance when exposed to sulphides, could not be considered.

TABLE 3
Stainless Steel Cupronickel
Size| Wall Weight Size wall Weight
thickness| tonnes thickness | tonnes
mm mm

Seawater lift discharge 14" 4.78 2.7 (d) 20" 7.5 5.8 (d)
from pumps: 6mm pipe °
3 flanges and 1 valve , i
per pugmp 14" 4.78 3.5 (w) 20 7.5 11,5 (w)
Seawater lift header 20° 6.35 |[18.7 (d) 36" 8 l3571.77 ((d“)’)
180m straight pipe 20" £.35 [77.9 (w) 35 8 .

* (d) = dry
(w) = wet
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As stainless steels are not sensitive to flow effects, a
high design flow rate was chosen, 7 mvs. This limit was set
by pumping costs and noisé (Cavitation). The resulting
reduction in diameter of the piping reduced costs and also
total (pipe and seawater) weight whichis particularty attrac-
tive on offshore structures.t'” The effect of this can be seen
from the data in Table 3.

Several thousand tonnes of superaustenilic stainless
steel are now in service, mainly on offshore plattorms.

A more recent development has been the use of
superduplex stainless steelfora U.K. project— lvanhoe and
Rob Roy fields. The alloy selected was Zeron™ 100 (24%
Cr, 7% Ni, 4% Mo, 0.2% N., 0.8% W). This has a PREN of
over 40 and has high resistance to pitting and crevice
corrosion. These systems are NOw in operation.

As well as the two already mentioned, there are now
several high performance austenitic and duplex alloys
available. Appendix 1 gives typical compositions for sev-
eral of these alloys.

VALVES

General

Many corrosion problems in seawater systems occur in
valves. Often such problems are due 1o the use of steel or
cast iron valves with non-ferrous piping. Although the life of
such valves in a steel or cast iron pipe systemis short (l.e.,
two to three years) when fitted in an alloy system, it may be
less than a year due to the galvanic etfects from the piping.

The three main components of a valve are the body,
valve seats and the shatts or stems; these will be consid-
ered separately. It should be noted, however, in a system
with & nominal seawater velocity of a few meters-per-
second flow through the vaive, that the vaive, depending on
its design, may give rise to turbulence and much higher
local velocities, particularly when the valves are used for
throttling.

Valve Bodles - Non-Ferrous Systems

" The basic low cost valve used in ferrous pipe systems
has a cast iron body with 60-40 brass intemals. Depending
on design, corrosion rates of several millimeters per year
can occur on the body. The body cathodically protects the
internals (until a layer of graphitic corrosion product forms)
and the valve will function for two to three years.

Coatings on valve bodies are often used but their
success depends mainly on the vaive design (see later). In
all cases, the life of the coating depends on its integrity, as
manufactured, after installation and in service. Any break in
a coating can result in intense cofrosion and perforation of

the valve body.

Upgrading of valve body materials to give higher reil-
ability requires the use o alloys with good corrosion resis-
tance. Such materiais are Ni-Resist austenitic cast irons
and copper-base alloys such as nickel aluminum bronzes,

Admiralty and leaded gunmetals and cast copper-nickels.
All these alloys are characterized by good resistance to
static seawater (necessary for shut-down conditions) and
to flowing seawater. Table 4 gives some data under static
and flowing conditions.

In relation to Table 4, it is interesting to note that in
some cases, the corrosion at about 35-42 rvs is similar to
that at 8.25 nvs. This indicates that impingement attack is
occurmming at the lower velocity and, under these circum-
stances, increase in velocity produces little increase in
corrosion. The aim should be to use the alloy at a velocity
lower than that causing impingement. Untortunately, this
cannot aways be calculated so that where impingement is
a possiility, alloys with high resistance such as nickel
aluminum bronze or cast copper-nickel (plus chromium)
should be used. :

Ni-Resist iron valves are often used in ferrous systems
to improve the valve reliability. They are also used in non-
ferrous systems but copper-alloy valves are more common
insuch systems. Nickel aluminum bronze has high strength
and this makes & attractive, particularty for large vaives.
Also, it has high resistance to impingement attack and this
may be of importance in globe valves used under throttiing
conditions.

Vaive Bodles - Stainless Steel Systems

Because stainless steets have high resistance to flow,
then no problems will arise due to erosion-commosion when
used for vaive bodies. The imitation to flow from corosion
considerations is set by cavitation which often occurs in
seawater systems when flow is disturbed. Stainless steels
have high resistance to cavitation but design velociles
should be chosen to avoid severe cavitation within and
downstream from vaives. The 7 nvs vaive used in the
oftshore indusiry takes cavitation into accoumt.

As pitting and crevice comosion are important in vaives,
then alloys with similar resistance to that ot the piping are
required for valve bodies. Cast versions of several of the
high alloy stainless steels in Appendix 1 are available and
can be used for vaive bodies. They can also be fabricated
from wrought forms of the alloys.

Vaive Seats and Stems - Nonferrous Systems

Valve seats, particularly those in throttiing service,
experience high water velocities, and data from Retersnce
6 show that materials with high resistance to fast flowing
seawater are stainless steels, nickel-base alloys and Monel
alloy 400. Experience shows that when manufacturers
upgrade the body material they often use the same mate-
rials for seats and stem as in a cast iron vaive, i.e., 60-40
brass. Under these conditions the life of the valve intemais
is axtremely short because, having lost the cathodic protec-
tion of the ferrous body, they fail by dezincification in a few
months. Figure 2 shows dezincification of a 60-40 brass
stem from a bronze vaive. This is probably the mos!
common cause of failure in nonferrous valves. Although
this type of corrosion is well-known, the rate of aftack is
often surprisingly high. The sampie in Figure 2 failed inless
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TABLE 4
EFFECT OF VELOCITY ON CORROSION OF SOME CAST COPPER BASE ALLOYS AND
NI-RESIST TYPE 1b
i Quiet Seawater 0.06m/sec ! intermediate velocity i High VeloCity tests
| = 3.25 metre/sec 33-42 m/sec
ALLOY Ceneral Maximum Corrosion (0 mm/year 2 Carrosion rate  emarws on
Corrosion in pitting 1n 160 day test) ' nm/vr {J0-day low elocitn
mm/vear mm : tesi) 2333
88/10/2 Cu Sn 2n Admiralty !
Gunmetal 0.025 0.025 | 0.4 - 1.0 : 3.75 - 1. 12 months at
| 1 Freeport.
' 1 Tenas
85/5/5/5 Cu/Sn/In/Pb 0.018 0.030 1.0 i 3
|
NI Resist fron Type 1b 0.020 Nil 0.38 t 1.0 & .ears at |
' FLLCL b
]
10/5/5 Al/Ni/Fe remainder H |
copper 0.055 1.2 0.42 0.7 - 1.0 142 3ays at
FLLCL
70/30 Cu Ni - 1.6% Cr 0.0010 0.28 0.22° 0.5 181 3days at
FLLCL

s Ag 15.3 Metres/sec

than one year — the original diameter was 2’mm.

Although stainless steel (AISI Type 316) will give good
jife in a non-ferrous vakve, it is liable to pit (particularty in
crevices) when the system is not in use and on a Iife cycle
cost basis, the nickel-copper alloys are a better choice.
Another problem with stainless steels is the frequent use of
steels of lower alloy content than Type 31 6 and these can
pit very rapidly in seawater. Such materials are 12% Cr
(AISI Type 410) and 18% Cr (AISI Type 430) stainiess
stegls. Use of these alloys in seawater systems often
results in early failure.

in ball and butterfly valves, one of the seats may be
non-metallic, e.g., an elastomer.

Inconel™ alloy 625 which has high resistance 1o both
static and flowing seawater has been used as a weld
overiay to produce highly resistant surfaces incritical areas
of valves and shafts and also on pump castings. This alloy
has excellent weld deposition characteristics and can be
used as a general purpose overiay for avoidance of, of
repair to, areas of corrosion damage in carbon, low alloy
and stainless steel components.

vaive Seats and Stems - Stainiess Steel Systems

Valve seats can be machined areas on the valve body,
disc, gate or ball, depending on the valve design. In some
cases separate seats are used so that they can be readily
replaced in case of damage, for axample, by a foreign body
lodging between the surfaces. In such cases the seat
matenal can be different from the body or disc material. For
example, the greater hardness of a high alloy duplex
stainless steel seat may be of benefit in a high alloy
austenitic alloy component.

As described above, nonmetallic seats can also be
used. Stems in stainiess steel valves are made of materiais
with similar corrosion resistance to the body. The higher
;tmngth of duplex stainless steel makesthem attractive for

ems.

Effect of Vaive Design on Materials Selection

Valves are a relatively expensive part of a seawater
system but the cost of a valve depends on the design used.
Figure 3 shows some commonly used valve designs and
gives an indication of their weight and pressure loss. Apart
1mmanynmﬂaduﬁmdﬂﬂwnm.nbevmmthatagm
valve will ba much more expensive than a butterfly valve
because of k8 much greater weight. it will usually be more
satisfactory to select reliable materials for valves, such as
a butterfly valve, rather than lo use an expensive design of
vaive, for exampie, a globe valve and try 10 economize on
materials. Where the use of a giobe vaive is desirable, for
exampie, for its good flow control characteristics, then the
extra cost of corrosion resistant materials appropriate to
the design must be accepted.

Some designers attempt to avoid corrosion problems
by lining the vaive. This s also related to the valve design;
for example, buttertly valves are a simple shape and the

can be provided with a thick rubber lining which can
be clamped firmiy between the flanges joining the valve to
the ppes and i8 not dependent on perfect adhesion be-
tween the rubber and the body. A gate or globe valve,
however, is of complex shape anda lining, to ba successtul,
must adhers perfectly 1o the metal surface. Experience
shows that such adhesion is difficult 10 achieve and linings
in valves of this type often have a short life.

A rubber-lined butterlly vaive has cenain features
which must be considered in order to avoid corrosion
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problems. For example, the shafls, on which the butterfly
turns, penetrate the lining and it is necessary to provide a
positive seal between the lining and the stem to prevemt
accass of seawater to the cast iron body. Failure to do this
has resulted in valves failing due 1o corrosion products
building up behind the lining causing seizure of the butterfly
and stem.

Ancther commonly used seawater system vaive is the
membrane valve. This consists of a flexible membrane -
usually of rubber - which separates the valve internais form
contact with seawater. When operated, the membrane is
extended into the stream restricting or shutting off flow. The
shape is again simpie and rubber linings on the body are
effective. Cavitation damage to the rubber membrane can
occur with severe throttling.

It is interesting to note the complex flow path within a
globe valve. Several sharp changes of direction occur
inside the valve and this gives rise to severe turbulence
which can cause impingement corrosion on the valve body.
Materials of high impingement resistance, such as nickel
aluminum bronze or cast 70-30 copper-nickel, are recom-
mended when this type of valve is chosen.

Forstainless steel systems, turbulence in agiobe vaive
presents no problem and alloys sifmilar to the pipe materiais
can be used.

Table 5 provides a summary of materiais suitable for
seawater valves in non-ferrous systems.

Galvanic Considerations In Valves

From Figure 4, it is evident that all the copper-base
alloys have similar potential and can be used together
without fear of serious galvanic effects. Where carbon steel
or castiron bodies have been fitted with brass trim, these
will have received considerable galvanic protection from
the large area of ferous material and may give a useful life.

Upgrading the body material to copper-base alioys will, by
removing the cathodic protection effect, give nse to como-
sion of the trim.

it Is good practice to arrange for the trim material to be
cathodic to the body, hence the use of alloys such as Monel
alloys 400 and K-500 and stainiess steeis.

The use of copper-alloy valves is desirable in copper-
alloy pipe systems S0 as to retain galvanic compatibility.
The use of unprotected ferrous vaives in nonterrous sys-
tems should be avoided.

Non-ferrous valves are sometimes used in steel piping
systems and while this will lengthen the life of the vaive,
galvanic corrosion of the piping adjacent to the valve may
occur. A better choice of valve material in steel systems
would be Ni-Resist cast iron as this is galvanically more
compatible with steel, Figure 4.

For stainless steel systems, gaivanic compatility is
not a problem in the system itself, even though ditferent
alloys may be used for different components. Care is
needed, however, if the system is used to supply copper
alloy heat exchangers as there can be a pronounced
gaivanic effect between stainless steels and copper-base
alloys. This can be taken care of by fitting anodes in the
waterboxes; iron, zinc or aluminum anodes can be used.
Becausa iron ions in the seawater are beneficial for copper-
base alioys, the use of ion anodes is advised.

SEAWATER PUMPS

Centrifugal pumps are normally used in seawater sys-
tems and are often driven by constant speed electric
motors. At the normal speed of rotation, the tip speed of the
pump impeller can reach 20 mvs and at this velocity, most
copper alloys cormode rapidly in seawater. Fortunately,
however. ~rly cartain components of the pump are ex-
posed to tnese high velocities, and apart from these com-

TABLES

MATERIALS FOR SEAWATER VALVES IN NON-FERROUS PIPE SYSTEMS

Body Material

Tvpe of Valve

Butterfly valves Cunmetals

5% nickel aluminium bronze

Rubber-lined cast iron (provided
a seal is fitted at the stem)

Cast 70/30 cupronickel
Ni-Resist cast iron

As above, except that rubber

Clobe, gate or ball valves
lined valves should be avoided.

‘{embrane valves Rubber lined cast iron.

¢ May pit in Qquiet conditions.

Ball. disc or seat materal Stem Material

5% nickel aluminium Monel alloys 400 or K-50

Cast 70730 cupronickel Stainiess steel (Type 116)

Cast Monel alloy 5% nickel aluminium bronze

Stainless steel (Type 116)
As above

As above

Not critical as there 1§
no seawater content,

Rubber (membrane)



ponents, copper-base alloys can usually be used success-
fully in copper alloy systems.

For stainless steel systems, the pumps shouid be of
similar materials. The main problem for stainiess steel
pumps is the shut-down situation. During operation, the ric”
of pitting and crevice corrosion is reduced as the metal
surfacas are either exposed to fast flowing seawater or are
subject to slight relative movement, which appears to
discourage crevice corrosion. However, if seawater is left
standing in the pump during shut-down, then pitting and
crevice corrosion ¢an occur. This can be taken care of by
either arranging to flush out the pump with fresh water or
operating it every few days.

Pump Casings

In copper alloy pumps, there is normally sufficient
clearance left between the impeller and the casing so that
the water flowing from the impeller does not impinge
directly on the casing but is absorbed into the slower
moving stream of water flowing over the metal surface
towards the pump delivery pipe. Provided direct impinge-
ment is avoided, then materials such as gunmetals, alumi-
num bronze and cast 70-30 copper-nickels perform satis-
factorily. However, there have been cases of premature
pump casing failures in recent years‘® showing that direct
impingement can occur. This may be due to increase in
pump speed or the .tendency to uprate the output from
standard pump designs. Where such failures have been
experienced, the life of the casing has been very short, for
example, about 18 months. To avoid failures of this type,
either the design must be amended so as 1o reduce
seawater velocity at the metal surface, or materiais of
higher resistance must be used. Experience shows that
cast 70-30 copper-nickel and 5% nickel aluminum bronze
have higher resistance than gun metal or tin bronzes.
Recent research, however, has shown chromium-contain-
ing 70-30 copper-nickel to have higher resistance than
other copper-case alloys to fast flowing seawater, as shown
in Table 4.
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Where pump parts are fabricated by welding from
nickel aluminum bronze plate, thers is a senous risk of
selective phase corrosion (dealuminification) in the heat
effected zone of the weld. This can crack 1 stressed, e.g.,
by water hammer effects.

Stainless steel pumps can be made from cast versions
of Type 316L (CF3M) or duplex grades similar to those
listed in the Appendix.

Pump impeliers

The pump impeller is in contact with fast flowing, highly
turbulent seawater and, for circulating pumps which are in
use for most of the time, they should be made from a
material with high resistance to these conditions. Table 5
provides corrosion data in high velocity seawater for sev-
eral pump materiais.

itis clear from Table 6 that the use of cast iron or miid
steel can only be contemplated in pumps operated occa-
sionally. From datain Table 4, Monel alloys 400 and K-500
and stainless steel Type 316 have very high resistance to
flowing seawater, and cast versions of these alloys are
preferred for pump impellers.

These alloys do not sutfer from impingement attack but
may pit when the pump is stationary and full of seawater. It
should be noted, however, that the pitting likely to be
experienced is often less severe than the general impinge-
ment corrosion which may occur at the tip of a copper-base
alloy impeller and hence stainless steel or cast Monel Alloy
400 are preferred for this application. Alloy 20, and some
higher alloy duplex stainless steel with higher resistance to
pitting than Type 318 stainless steel are sometimes used
for impeliers in seawater sarvice.

For Ni-Resist Type D-2 pump casings, cast stainless
steel impellers are preferred. The Ni-Resist being some-
what anodic to stainless steel, gives a beneficial galvanic
atfect which lessens the risk of pitting on the impeller when
the pump is stationary.

TABLE 6
CORROSION DATA ON MATERIALS

IN HIGH VELOCITY TESTS

Allov Corrosion Rate Seawater Velocity
mm/ve m/s

Crey Cast lron 13 38

Carbon Steel 9.5 10

Monel Alloy 400 0.010 43

Monel Alloy K-500 0.010 43
Stainless Steel

(AIST Tvpe 316) 0.005 43
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For stainless steel pumps, the impeller can be made
trom the same material as the casing..

WATERBOXES

The most corn  on materials for waterboxas are cast
iron or mild steel, and these are often rubber or plastic Jined
to extend their life. Unlined boxes, as used in older instai-
lations, corroded and helped protect the tubes and tube
plates. However, the corrosion of the waterbox itsef is a
serious problem and there is a trend towards non-ferrous
boxes, particularty for condensers. Figure § shows a
tabricated 90-10 copper-nickel waterbox for a ship con-
denser. The use of this type of construction is economic, as
all the external stitfening is carbon steel and onty the metal
in contact with seawater is copper-nickel.

Waterboxes in nickel aluminum bronze are also used,
particularly with titanium tubes because of galvanic consid-
erations. These are usually cast — fabrications require
cathodic protection to avoid selective corrosion on weids
(see piping section).

For small waterboxes, Ni-Resist irons can be used as
this provides cathodic protection to the tube plates and tube
ends but has a higher comrosion resistance than carbon
steel or ordinary cast iron and thus has a longer life.

For stainless steel systems, waterboxes can either be
rubber-lined carbon steel or made from the same materiais

as the piping.
STRAINERS

The purpose of strainers is 10 filter out materials detri-
mental to the system, for example, to minimize fouling and
plugging of heat exchanger tubes.

Primary filtration is usually by a fairty robust grid or
trash rack o eliminate large pieces of debris such as bottles
and pieces of timber. These are usually made of steel or
cast iron protected by paint and/or cathodic protection.

Thereis an increasing use of stainiess steel (Type 316)
for trash racks. This avoids the need for painting but
cathodic protection is necessary 10 avoid pitting.

Trash racks are usually followed by stationary or trav-
eling screens in the intake system and by fine filters within
the system itself. Details of materiais for these screens is
given in Reference 19.

One important aspect of filtration is the removal of air
from the system. Air can markedly enhance the erosion-
corrosion effect of seawater and thus stimulate impinge-
ment attack on copper-base alloys. Provision shouid be
made for air release from the high parts of components
where it may accumulate, for exampie, waterboxes.

INTERACTIONS WITHIN THE SYSTEM
Gaivanic Effects

Mwma possile, components of similar gaivanic
potential .sqould be used lor construction of the system.
bv:ms':dm is not possidie, the following guidelines should

used:

1. Make the “key™ component of a more noble matenal.
For example, use copper-base alioy trim in a cast
iron valve body.

2. _Ensum that the material of lower potential is present
in a much larger area than the more noble material so
that the accelerated corrosion of the anode is spread
over a large area.

3. Paint the more noble material. This can be beneficial
as it reduces the cathode area even when the paint

film is incon'plete. An impertect paint film on the
anode would intensily attack at breaks in the paint.

Replacement of cast iron or fabricated steel
waterboxes by rubber-lined or non-ferrous compo-
- nents wil remove the beneficial galvanic eflects on
tube inlet ends provided by the ferrous components.
This may lead to tube inlet end erosion, and either an
alloy with higher impingement resistance should be
usad, or steel anodes shouid be fitted In waterboxes.

TRanium tubes have a strong galvanic effect on most
copper-base alloys and can stimulate comosion on
copper-nickel waterboxes and tubeplates. Care is
needed to avoid galvanic corrosion when titanium
tubes are used - also for copper-nickel nozzies in
titanium plate-type exchangers. The galvanic effects
can be controlled by cathodic protection but care is
needed to ensure that overprotection does not cause
hydriding of the titanium: tubes.®"

Chemical Additions

Chiorine is often added to seawater to prevent marine
growth which would cause tube blockage resulting in loss
of heat transfer or impingement attack. Care must be taken
in adding chiorine as excess chiorination can produce
corrosion effects on steel and copper -base alloys. Work by
Anderson and Richards®" shows that cortrol of fouling can
be achieved without detriment to materials if the chiorina-
tion is caretully controlled. This is best done by measuring
the resicual chiorine at the plant outlet and adjusting the
chiorine dose to maintain this at a low level, ¢.g., 0.1-02

ppm.

Another substance commonly found in seawater sys-
tems is the ferrous lon. In oider systems with ferrous
components, corrosion of these components provided a
continuous supply of ferrous ions which, experience has
shown, had an effect on comrosion of copper-base alloys,
notably aluminum brass tubes. In modem systems, where
the supply of fermous ions may be largely eliminated either
by use of non-ferrous materials or by use of coating,
tailures of aluminum brass heat exchange tubes have been



experignced."" This can be rectified either by deliberately
injecting ferrous ions irto the system or by fitting copper-
nickel tubes which are less affected by fermous ions in the

water.

CONCLUSION

By treating seawater systems as awhole it is possible
1o build corrosion resistant, reliable systems with low main- 4.

tenance costs.

Table 7 summarizes the information in this paper and

suggests materials which can be used to

achieve these 5.

objectives or, by accepting higher maintenance costs and
lower reliability, to build a systemwith minimum initial costs.

It should be emphasised that s
adherance 1o the two approac
result in higher initial costs and lower reliability.
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SEAWATER PIPING SYSTEMS

Component
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Flanges

Waterbox

Tubeplates
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Pump casing

Pump Impeller.

Pump Shaft

Valves
Strainer body

Strainer

Plate

High Reliability /low maintenance Cost System

Coogr-sase
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See Table 4
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High alloy auplex.
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APPENDIX

TYPICAL COMPOSITIONS QOF ALLCYS CIMMONLY USED IN SEAWATER SYSTEMS

Stanzard Staintess steels and Mnckel-caromium-moivodenum Jilevs

NOmiNal composiLion per zent

Steel Caroon (max) Chromium Nocact Molyddenuin Jonucr Simer
AISI Type 116 0.28 T 02 13
AlS! Type 3i6L 2.03 i .3 iy
ACI<CF IM 2,23 19 i 18
ACI-CF aM 0.08 19 10 18
ACI<CN T M (Ailey 200 2.07 20 29 g 3
Alloy 625 0.08 22 Rem 3 & Nl
Ni-Regist cast 1rons
Composition per cent
Alloy C max Si Mn P max N1 Cu Cr
Type 1 3.0 1.0 - 2.8 10 - 1.8 13,8178 8.5-7
. 3 5 g 5 B- R RS- S- 718 75 -2
Tvpe 1B 3.0 1.0 - 2.8 1.0 = 1.5 i3.5-17.8 5.3+ 7.8 ;-3 ng
Type [ 3.0 1.0 = 2.8 0.8 1.5 18.0-22.0 0.5 max 1.78 ~ 2.9
Tvpe D-2 3.0 1.75 = 3.00 7 =10 0.08 18.0-22.0 1.75 = 2.8
Tvpe D-IB 3.0 1.75 = 3.0 0.7 - 1.0 0.08 18.0-22.0 2,78 - 4.0
Cocper-tin, copper-aluminium and copper-zinc alloys
] Nominai composition per cent
Alloy Copper Tin Zine Aluminiym Other
Admiraity Gunmetal a8 10 2
Leaded Cunmetal 8% 5 ) -
Leaded Cunmetal - nickel 86 7 2.9 2.5% Lead
2% Nickel
Nickel sluminium bronze 85 10 S\ lron
% Nichel
Aluminium brass 76 22 2 0.02% Arsenic
Allovs of nicxel and copper
Nominal composition per cent
Alloy Copper Nickel {ron Other
o\
90/10 Cu-NI Remainder 10 1.9 L0 M (maz)
70730 Cu-Ni Remuinder W u.6 1.U Mn (maxs}
73/30 Cu-Ni (high lron) Remainder 30 2.0 2.0 Mn
70730 Cuy«Ni « Cr Remainder J0 0.7 1.6 Cr
Ni<Cy Alloy 400 3.8 66 1.38 0.9 Mn
Zast Ni-Cu Alloy 8S 3071 30.8 66 1.38 1.6 Si
Ni-Cu Alloy K 300 S 66 1.28 0.9 Mn 2.8 Al
0.9 Ti
Cast Ni-Cu Alloy 8S 3071 NAJ 29 64 2.0 4.0 Si
Hign Alloy Austenitic_and Duplex Stainiess Steeis
Alloy Producer ¢ LY Moy cn W pRE
AL-6XN Allegheny 2L 2%.0 6.3 0.20 45.G
LCranys SB 8 Creusot-loire 25.0 25.0 5.0 1.8 0.1% 41,9
234 SMO (UNS S31247) Avesta 20.0 18.0 6.1 0.7 0.20 43
A 968 (UNS S31254) VEW 20.0 18.0 6.1 0.7 0.20 3.3
HR 8N Sumitomo 21.0 24.8 5.8 0.8 0.20 43.3
aL-6X (UNS NO8&6) Allegneny 200 24.% 6.3 40.8
ronifer 1925 HMO
{UNS NOB8925) vOM 21.0 28, 5.9 0.14 2.7
Samero 28 (UNS NOB8028) Sandvik 27.0 J1.0 3.3 1.0 8.9
Alloy Neo. 20 Mod
(UNS NO8320) Haynes 22.0 26.0 s.0 .8
Zeron 100° welr 25.0 1.3 3.8 0.7 0.25 340
SAF 2%07 Sandvik 25.0 1.0 4.0 0.2% 740
Fermane! Langiey 27.0 8.3 J.0 1.0 0.23 PR ]
Uranus 47N Creusot-lolre 28.0 6 3.0 0.5 0.20 Pt |

*  Also containg 0.7% W
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COPPER-NICKEL CONDENSER AND HEAT EXCHANGER SYSTEMS

W.W. KIRK, Consuftant to the
AH. TUTHILL, Consuttant to Nickel Deveiopment Institute

INTRODUCTION

For the vast majority of heat transler equipment appit
cations, the transter of heat takes place between two fluid
streams. The heat exchanger is simply a device which
directs the flow paths in such away that the two streams are
brought into thermal contact through a conducting wall
while being kept physically separate. This thermalily con-
ductive wall is the tube-in-shell and tube type heat ex-
changers that make up alarge percentage of such units in
power plants, ships, the chemical process industry and in
desalination. The relatively thin-walled tube, selected pr
marily for heat transfer efficiency, becomes the critical
component in condensers and other heat exchangers and
must perform well over long periods of time under some-
times very difficut operating conditions. Copper-nickel
alloys have established a long and successful history in
seawater cooled heat exchangers and will be emphasized
in thts paper.'

Since the condenser is the hean of the heat reject
system in operating power of process industry plants, as
well as inships, its reliability and efficiency affectthe overall
system performance. Deposits and films which accumulate
and grow on the tube’s inside surlace affect heat transfer
capactty and in tum its ability to condense steam. This
paper will discussthe influence and control of these tilms as
important parts of tube integrity that maintain the interface
hetween a highly controlled thermodynamic working fluid
and a potentially aggressive cooling water. Natural seawa-
ter, that may or may not be poliuted, will be considered the
cooling water for all discussions. Coastal plants are usually
designed to have one large heat exchanger with seawater
on the tube side and muttiple, closed loop cooling systems
on the shell side. Heat exchanger materials must be
selected to handie steam or other working fluids in these
shell side circuits, as well as the available on-site cooling
water on the tube side. While these closed loop circuits
have their own criticality in terms of thermodynamics,
mechanics and operating maintenance, this paper will
concentrate on the tube-side (seawater) characteristics.
Any leakage from the tube side will readily comaminate
whatever working fluid is on the shell side. The effects of
contamination must be considered throughoutthe process,

Copper Development Association Inc.

from design to materials selection to maintenance, tor the
operating age of the total system.

In regard to tubing performance, several interactions
with other components of the cooling water system must be
considered:

1. First in importance is the debris removal equipment
ahead of the waterbox or channel head. This is
discussed in more detail in the section on the Intake
System.

2. The design and operation of the chlorine injection
system is discussed in the section on Corrosion
Resistance. Even after extensive screening out of
debris and marine organisms, free swimming larvae
anter the waterbox and tubing and can attack and
grow if given the opportunity.

3. The design velocity and flow pattem from the
waterbox through the tube bundle can affect the
cormosion and heat exchange performance of the
tubing. Refer again to the section on Corrosion
Resistance.

4. Galvanic interactions among the materials of the
waterbox, tube sheet and tubing are also discussed
in the Corrosion Resistance section.

WATER QUALITY

Usual seawater analyses will include temperature,
salinity or conductivity, dissolved oxygen, pH and some-
times metalions i a known source is nearby. The presence
or absence of oxygen, hydrogen sulfide (H,S) and indus-
trial poliutants (especially ammonia) are compositional
factors that have a significan affect on copper alioy perfor-
mance in heat exchanger systems and must be identified.
While not normally included in water analyses, the debns
loadings (sticks, stones, gravel, sea shells, mud and sand),
dissolved gases and free swimming larvae of the biofoulers
often have a far greater effect ontube performance thanthe
compositional tactors reported in the usual water analy-
ses.*'@ Water poliution increased in the United States
around mid-century under the dual impact of industrial
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waste and untreated municipal sewage until the 1960s.
Federal and state legislation then reversed this trend, and
concurrently pollution related tubing failures that had peaked
in the early 1960s began to decline.

Environmental legislation has had other effects on the
handling ot cooling water.'" Atthe point of discharge, both
temperature and the manner in which the discharge water
is dispersed is usually regulated to a maximum tempera-
ture differential in relationto the ambient temperature of the
receiving body of water. In addition, the Environmental
Protection Agency (EPA) limits residual chiorineto 0.2 ppm
average in effluent streams.

The net etfect of the environmental legislation was a
change in the corrosive nature of the cooling waters. It
increased biotouling activity once again, so that the tull
impact of biofouling had to be dealt with in existing instal-
lations as well as the design of new ones.

INTAKE SYSTEM

Design, operation and maintenance of the seawater
intake system has a profound effect on heat exchanger
tubing performance. Shipboard systems are relatively
simple, since ships operate in large bodies of water with
very low debris loadings and quite clean seawater, except
in port. These intake systems include a grate, flush with or
slightly recessed in the hull, to keep out large items such as
boxes, fish or floating logs. Stationary screens or strainers
are normally provided between the pumps and the waterbox
to screen out smaller debris. Additional screens with small
openings are essential ahead of smail diameter tubes in
auxiliary exchangers such as oil coolers and keel coolers.

The design of the intake system for coastal plants is
much more elaborate and more critical. Figure 1 illustrates
the fuiiction of bar grates and traveling screens. Large
floating debris is kept out of the inlet by the bar grates.
Water velocity through the bar grates must be low enough
so that fish and trash are not heild against the screens,
thereby reducing the flow area and increasing velocity
through the screens. Any increase in water velocity will
simply hold more trash and tish, further recucing flow area
and further increasing water velocity.

The traveling screens downstream of the bar grates
are designed to screen out fish, crab claws, sea shells,
twigs, polyethylene bags and similar trash. These screens
are designed to discharge accumulated trash as they
slowly rotate. Traveling screens must be maintained in
good operating order. The hole size inthe travellng screens
is on the order of 12 mm or less, and the heat exchanger
tube size is usually set at a minimum of two times the screen
opening.

Figure 2 illustrates the section of the cooling water
system between the traveling screens and the exchanger
or condenser. The stationary screens, which may be bas-
ket or automatic strainers orfilters, provide the final screen-
ing of debris before the cooling water enters the waterbox
and tubing. Figure 3 is a photograph of two such basket-
type strainers in a Mideast desalination plamt. The coarse

debris, shells, rocks, glass, a nail and a piece of steelin the
upper part of Figure 4 were removed from the bottom of
one of these two strainers. Sheils and smaller stones
shown in the lowdr part of Figure 4 were removed from the
discharge side of the tubc bundle. The screen in the
strainer had been broken by the laroer rocks, nail and stes!,
allowing the latter mentioned debis 1o reach the tubes.
Screen openings were 9 mm, which kept debris large
enough to cause lodgements out of the tubing until the
screens were broken. Some of the debrs had lodgedinthe
tubes leading to penetration of the ubing downstream of
the lodgements, similar to that shown in Figures 5 and 6.

The desalination plant operators identitied and re-
corded the failures as tube failures; whereas, they were
really screenfailures. it is absolutely essential that screens
in the intake system be property designed. and it is equally
essential that they be property operated and maintained.
Tube failures from debris lodgements are screen failures
and should be recognized as such. Otherwise, the real
cause of failures may be overlooked and quite unneces-
sary tube failures allowed to continue.

With two strainers, as in the above mentioned design,
the plant operates one until & is plugged and then switches
to the other. The strainer removed from service must be
thoroughly cleaned and the screens repaired or replaced
so that the strainers, not the tube bundle, will remove debris
from the system. The condenser or heat exchanger should
never function as a main {iiter or screen.

CORROSION RESISTANCE
Corrosion Product Fiims

The corrosion resistance of copper-nickel alloys in
seawater depends upon the nature of the corrosion product
film that forms on the surface after # is wetted with water.
Figure 7' shows the rate of fiim formation on C70600
(copper-nicke! alloy compositions are given in Table 1)
tubing in clean seawater at 16 C in terms of the reduction
in copper in the effluent from one minute to three months
after startup. Ten minutes afler startup, the copper in the

TABLE 1
Alloy Compositions (Weight Percent)
C0600 C71500 Cne4 Cr2x0

Blement Range Range Range Range
NI 9.0-11.0 2.0:33.0 29.0320 15.0-180
Cr —_ 0307
Fe 1.0-18 0.4-1.0 1.7-23 0510
Mn 1.0 max 1.0 max 1525 1.0 max
n 1.0 max 1.0 max _— _—
Po 0.05max 0.05 max 0.01 max _—
S —_— 0.03 max
C 0.06 max  0.03 max
Ti —_— 0.03 max
S 0.03 max —_—
Cu Balance  Balance Batance Balance



effluent had decreased tenfold, and one hour after startup
by one nundredfold. After three morths, the film was
mature enough so that copper in the etfluert was essen-
tially the same as the copper level at the intake. The data
in Figure 8¢ confirm the increasingly protective nature of
th~ film through 14 years of exposure. This long-term
protective nature of the corrosion product film on copper-
nickel alioys (C71500 was also included inthe 14-yeartests
yielding a long-term corrosion rate similar to that of
C706007'%) is responsible for the 20-plus years' service
life of alloy C71500 in shipboard condensers '® and in
many coastal plants."®

The normal corrosion product film is thin, adherent and
durable. Once fully formed and reasonably mature, the film
on copper-nickel alloys will withstand considerable excur-
sions in water velocity, poliution and other conditions
normally adverse to the good performance of copper alioy
tubing. Good, protective films will form in cold seawater
(less than 20 C) but they take considerably longer time to
mature.’® Francis'' observed at temperatures below 10
C that greater impingemert attack was noted on goy
C71500 due 1o a lack of iron enrichment in the corrosion
film. No such change was observed for C70600 nor the
higher iron-containing alloy C71640. Corrosion rates and
fiim formation at elevated temperatures were studied by
Ross,"® who observed that high bicarbonate akalinity is
beneficial to the formation of good films on C70600 at a
temperature of 60 C. Film formation is retarded or pre-
vented at pH levels below 5 in aerated seawater. Copper-
nickel alloys remain resistant to corrosion in deaerated
seawater at low pH as has been experienced in numerous
distillation type desalination plants.®

Veloclty Eftects

The corrosion rate of copper alloys can be affected by
seawater velocity above a centain limit identified for each

alloy. The more adherent and protective the “passive" film

TABLE 2

Accepted Maximum Tubular Design
Velocities for Some Coppef Alloys

Maximum Design

Alloy Velocity (mvs)
C12200 0.6
€44300 1.2
68700 2.4
C70600 3.8
C71500 4.6
C72200 >8.0

Minimum velocity to prevent sediment 1.0
deposition and under deposit corrosion

Normal design velocity 2.0

m-3

on a particular alloy, the higher the “breakaway” velocty
and the greater its resistance to impingement attack or
erosion corrosion. Much information has been published
on the effects of high seawater velocity vs. the corrosion of
copper-base alloys. The desire to obtain befter resistance
to impingement attack led to the development of a new
copper-base alloy C72200,%" containing approximately
16% NI and 0.5% Cr. Results of numerous impingement
and erosion corrosion tests of copper, admiralty and alurmi-
num brass, 90-10 and 70-30 copper-nickel, and the chro-
mium-containing copper-nickel alloy yield the industry ac-
cepted design velocity limits for condenser tubing shown in
Table 2.2 Other tests included alloy C71640, containing
2% Fe and 2% Mn, and would indicate a velocity tolerance
much greater than that of alloy C71500 but less than the
limit for C72200.™

Two studies™ were conducted to characterize the
pehawof of copper-nickel alloys under conditions simulat-
ing partial blockage of a condenser tube. In one-year
natural seawater tests, enhanced resistance to erosion
corosion was observed for both the C72200 and C71640
alloys as compared to C70600 and C71500. Some local
ized comosion (pitting or crevice attack) was noted on the
two more highly alloyed materials but not on the standard
alloys. This observation was also noted in a summary
evaluation of alloying effects on the corrosion of copper-
nickel alloys.®™ The tube wall shear stress around a $0%
blockage was determined by Sato™ and approximated the
limiting shear stress postulated by Efird® for alloy C72200.
This was determined with a bulk seawater velocity of only
2 mvs, well within the accepted limits for normal design
velocities for tubing. One should remember the earlier
discussion of intake systems where proper design and
operation should not allow tube blockage to occur.

Although much has been written about the effect of
high velocity, much less attention has been given to the
extremely damaging eftect of low velocities. The authors
have undertaken several failure analyses of C70600 tubing
only to discover that the original design fiow rates were less
than 1 mvs (1-1.5 tUs). At such low flow rates, there is time
for even very light mud and sediment loadings o deposit
out in the tubing leading to underdeposit comosionandtube
failures. Low flow rates are as damaging (perhaps more so)
as high flow rates and shouid be guarded against in the
onginal design and operation.

Very little information has been published about the
flow pattemn from the piping to the waterbox or channel
head and into the condensar. The authors have encoun-
tered a number of instances inwhichthe waterbox, channel
section or floating head were simply too small to handle the
volume required for the condenser. Severe turbulence and

to enlarge the inlet section, & is sometimes possible 10
install a distribution plate to absorb the turbulence before
the water erters the tubing.

Two pipe to waterbox arrangements have giventrouble.
First, center nozzle type inlets into a shailow waterbox have
led to excessive turbulencs in the tubing inthe center ot the
tubesheet opposite the inlet pipe and to silting and
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underdeposit corrosion of flow starved peripheral tubes.
Second, side entry nozzles into channel heads have led to
excessive turbulence and iniet end erosion corrosion when
the nozzles were placed close to the tubesheet. Two
guidelines that may be helpful are: 1) allow 10-20% greater
volume inthe waterbox, channel head or floating head than
the tubing will handle; 2) position the center line of the side
entry nozzles a full diameter from the tubesheet.

Sand and Siit

The effect of abrasion by sand has been investigated
but is difficult to quantify. Sand loadings of less than 200
ppm rarely damage good protective films on copper-nickel
alloys. Very fine sand (<0.05 mm) loadings are tolerabie up
to about 1,000 ppm. Larger diameter and harder sand
particles tend to be increasingly abrasive to the film in the
200-1000 ppmrange. C71500 has somewhat greatertoler-
ance for sand and C68700, somewhat less. For sand
loadings above 1,000 ppm and for larger particle sands in
the 200-1,000 ppm range, alloy C71640 has proven very
resistant in shallow water estuaries and in shallow water
intakes of desalination plants along the Arabian Gul. Alloy
C72200 would be expected to resist sand abrasion quite
well also. A good order of most to least resistance is:
C71640 > C72200 > C71500 > C70600 > C68700.

Silt or mud has no abrasive effect on the corrosion film,
but can be very damaging if allowed to deposit in tubing and
remain in place over substantial periods of time. Silt tends
to be swept through the tubing when the units are operated
near normal design velocities of 2 mvs. At lower velocities,
the amount of silt that may be deposited is a function of the
settling rate, the actual velocity and the length of the tube.
At velocities below 1 nvs, experience has shown that
corrosion failures can be expected within 6-12 months
unless frequent cleaning is succasstul in removing depos-
its befbre under deposit corrosion initiates.

What is believed to happen in a silt or sediment type
deposit is, first, oxygen depletion in the lower part of the
deposit next to the tube surface. The upper layer of the
deposit remains aerobic with active bacteria. Second, and
atterthe lower layer is depleted in oxygen, sulfate reducing
bacteria become increasingly active, generating sulfides.
As the sulfide concentration increases, the protective film,
already weakened by the absence of oxygen begins to
break down and a general pitting type of attack follows. This
is now generally referred to as microbiclogically influenced
corrosion (MIC).@

'f the deposits are removed and the surface is cleaned
before pitting has penetrated the tube wall, the film is easily
reformed when clean seawater is reintroduced and the
tubing is retumed to service. Even il the tube is not clean
after silt removal, the film will reform, but it takes a longer
time. The remaining service life can be improved by instal-
lation of better strainers and by more frequent mechanical
¢leaning. One of the great strengths of the copper-nickel
alloys is their ability to recover from abuse, reform good
tiims and give good cominued service.

TABLE 3

Galvanic Couple Data for C70600 and C71500
With Other Materiais In 0.8 m/s Flowing Seawater
One Year Exposures - Equal Area Couples

Corrosion Rate

Uncoupled (urmvy)
C70600 31
C71500 20
AlBronze (C61400) 43
Carbon Steel 300
Titanium 2
Couples

C70600 25
Al Bronze (C61400) 43
C70600 3
Carbon Steel 787
C70600 208
Titanium 2
C71500 18
Al Bronze (C61400) 64
C71500 3
Carbon Steel 711
C71500 107
Tanium 2

Gaivanic Effects

As a general rule, the copper-base alloys are galvani-
cally compatible with one another in seawater. The copper-
nickel alloys are slightly cathodic (noble) to the nickel-free
copper-base alloys, but the small differences in corosion
potential generally do not lead to serious galvanic effects
between alloys unless unusually adverse anodic/cathodic
area ratios are involved.

Corrosion rates for galvanic coupiles of alloys C70600
and C71500 with other materials are shown in Table 3.M
These data demonstrate the increased attack of less noble
carbon steel coupled to copper-nickel alloys, the increased
attack on the copper-nickel alloys when coupled to more
noble titanium, and the general compatibilty of copper-
nickel alloys with aluminum bronze. it shouid be noted that
coupling the copper-nickel alloys to less noble materials,
such as carbon steel, affords protection to the Copper-
nickel. This etfectively reduces its corrosion rate, thereby
inhibiting the natural resistance to biofouling of the alloy.

Alloy C70600 is very slightly anodic to C71500 and
some advamntage has been taken of this fact. Alloy C70600
has been used as cladding on a substrate of C71500 for oil
coolers. Any local penetrations by turbulent seawater, such
as by erosion corrosion, of the C70600 are arrested when
the undertying C71500 alloy is reached, until some signifi-
cant area of the anodic cladding has been consumed. This



TABLE 4

Gatvanlc Corrosion Data for
C70600 Cast Alloy Couples In Seawater *

Gatvanic Effect ™

Alloy C70600 Other Alloy
C70600 1.0 —_
cast 90-10 CuNi 0.8 1.6
cast 70-30 CuNi 0.9 1.0
85-5-5-5 (C83600) 0.9 1.5
Monel Bronze (C92200) 0.7 1.8
CN7M Stainless Steel 15 0.8
CF8M Stainless Steel 1.2 0.1
Gray lron 0.1 6.0
Ni-Resist Type | 0.4 2.1
Ni-Resist Type Il 0.3 2.8
Ni-Resist Type D2 0.3 2.0

* Seawater velocity: 1.8 Vs
Seawater temperature: 10 C
(Ni-Resist couple tests: 29 C)
Exposure time: 32 days
Equal area couples

**Ratio of mass loss in couple to control

clad construction increased the life of an alt C70600 con-
struction in plate type coolers from about six months to
more than five years of continuous use.

Results of short-term galvanic couple tests between
C70600 and several cast copper-base alloys and ferrous
alloys are given in Table 4. The corrosion rate of cast 70-
30 copper-nickel was unaffected by coupling with an equal
area of C70600, while some increased corrosion of other
cast copper-base alloys was noted. Corrosion rates of cast
stainless steels were reduced with a resultant increase in
corrosion of C70600. Gray iron displayed the largest gal-
vanic effect while the corrosion rates of Ni-Resist alloys
nominally doubled. Atthough some caution should be exer-
cised in using absolute vaiues from any short-term tests,
the relative degree of acceleration of corrosion from gak
vanic coupling was shown to be unaffected by extending
some tests with Ni-Resist C70600 couples to one year. It
should be noted that these short-term tesis were con-
ducted in relatively cold seawater at 10 C, atthough the NF-
Resist couples continued through a full year with an ambi-
ent temperature range of 7-30 C.

When addressing the subject of galvanic corrosion,
one should not overiook the dissimilar metal couples so
often found in the entry area to the heat exchanger, i.6., the
waterbox, tubesheet and tubes. Carbon steel waterboxes
coated with 100% solid epoxy coatings are fairy standard.
Any pinhole, “holiday” or slight mechanical damage that
exposes the substrate steel, however, results in a tiny
anode of steel coupled to the more noble alloys of the
copper family or titanium or stainless steels. Deep corro-
sion of the steel can be expected at these very adverse
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cathodic/anodic area ratio points, as shown in Figure 9.
Corrosion of the exposed steel also undermines, lifts and
peels the coating. Loosened coating sections result in
further damage in plugging tubes. Generally, cathodic
protection via galvanic anodes or an impressed current
system is empioyed to protect coated waterboxes and is
advised in the initial design.

The contact between the tubes and tubesheet canlead
to galvanic corrosion, particularly # proper attention is not
given to materials selection. Key problem material combi-
nations in recent years appear 1o be in the use of titanium
or _s1ainless steel tubing (particularty in retubing existing
units) where tubesheets ot muntz metal (C83500) or alumni-
num bronze (C61400) exist.™ Severe gatvanic corrosion
of these tubesheets has resulted and led o studies that
showed the etfective cathodic area was many times larger
than had been assumed, approaching a 1,000:1 cathode to
anode ratio.™ These copper alloy tubesheets coupled to
tktanium or stainless steels require a carefully designed
cathodic protection system.™

Effects ot Poilution

Polluted cooling waters, particularty in coastal harbors
and estuaries, have reportedly caused premature failures
of power plant and shipboard condenser tubing empioying
copper-base alloys, including the copper-nickels. Gilbert™
noted that during the earty 1850s, polluted waters were the
most important factor contributing to failure of condenser
tubes. Though pollution in many harbors has beendramati-
cally reduced by entorcement of strict water quality stan-
dards in recent years, accelerated attack of condenser
tubes and piping materials by poliuted seawater has still
been reporied.®

Attack of copper-base alloys by poluted seawater
(generally hydrogen sulfide, or H,S) has been addressedin
numerous test programs, == The primary sources of the
sulfide ion are: 1) the action of sulfate reducing bacteria,
under anaerobic conditions (l.e, in mud, silt or sediment
deposits), on the natural sultate present in seawater; 2)the
putrefaction of organic sulfur compounds from decaying
plant and animal matter within seawater systems during
periods of extended shut-cown.

Syrett" has studied the behavior of alloy C70600 in
aerated and sulfide poliuted waters. He summarized a
great deal of this work in Figure 10. In the complete
absence of 0xygen, comrosion rates were low, as indicated
at point 1 and current i2, and remained low up 10 sulfide
concentrations as high as 55 g/m® and velocities up to 5 m/
s. In aerated waters, comosion rates were somewhat higher,
referring to ine AB and current i2. The higher corrosion rate
in aerated waters is due to the change from hydrogen
racbclbntooxmenmmctbnasmepm\arycatmmc
reaction. In polluted waters where both oxygen and sulfide
may be present under transient conditions, the cathodic
reaction is still oxygen reduction with much higher corro-
sion rate, referming to point 2 and currert 4. This work
illustrates the high corrosion rates likely 1o occur in partially
deaerated waters with sulfides present and in estuarine
waters where there is alternate exposure to aerated waters
and partially deaerated waters with each change of tide.
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Syrett " also found that the thick black sulfide film
formed in sulfide poliuted waters would be replaced by a
normal oxide film in about nine days when the sulfide
polluted water was replaced by cléan aerated seawater.
This ability of poor films to be replaced by good fiims upon
exposure to normal aerated seawater has provento be one
of the primary reasons C70600 alloy tubing has performed
so well in ships, many of which are outfitted in poliuted
harbors.

Todhunter's work® with copper-nickel tubed condens-
ers in Los Angeles Harbor also illustrates the longevity of
copper-nickel tubing exposed first to sulfide and subse-
quently to aerated seawater (Figure 11). Originally, the 10
condensers were tubed with alloy C88700 which failed due
to sulfide pollution. The units were then retubed with
C71500 and C70600 in the mid to late 1940s when, as
indicated in Figure 11, there was still 1-2 ppm H,S in the
harbor waters. As water quality improved after World War
I, the original exposure to sulfides was followed by expo-
sure 1o aerated waters (after 1948). The original sulfide-
containing films were replaced by cuprous oxide films and
18 years later Todhunter reported the copper-nickel tubing
originally exposed to sulfides was giving excellent service
with very low failure rates.

In virtually all published test programs on the etfects of
sulfide pollution, test specimens were exposed directly to
the sulfide-containing water or alternately to the poliuted
water first and then to clean, aerated seawater. One
instance in our own laboratories included initial exposures
of C70600 and C71500 specimens to clean seawater for
periods up to 4 months, followed by exposure to seawater
containingupto 0.5 ppmH,S. The protective cuprous oxide
film formed overfour months provided nearty total immunity
from attack in the sulfide polutted seawater. This explains
the weli-known ability of ships at sea to enter poliuted
harbors for reasonable periods of time without damage to
the copper-nickel tubing.

EHects of Dissolved and Non-condensible Gases

Referring to Figure 2, gases as well as sediment and
larvae pass through the screen and enter the condenser.
The gases include O,, CO,, NH,, CL, and in the absence of
oxygen, H,S.

Dissolved oxygen is beneficial to good film formation
and film maintenance on copper-nickel alloys. Oxygen is
also helpful in oxidizing H,S to reduce or eliminate its
effectiveness in corroding copper alloy tubing. Excessive
air, however, can be damaging as has occurred on one
group of ships fitted with scoop injection. The hull and
scoop arrangement was such that so much air entered that
many of the tubes in the upper section of the condensef
were air blanketed and ineffective. Erosion corrosion atthe
inlet ends was severe enough to require the use of tube end
inserts to protect the inlet end.

Carbon diox!de in amounts normally found in seawa-
ter has not proven detrimental to copper-nickel tubing.
Excess CO, in amounts which would reduce the pH below

5 could be damaging, but such concentrations have sel
dom, if ever, been encountered in practice.

Ammonla from industrial wastes or animal excre-
ments has been damaging to C68700 and, on rare occa-
sions, 1o C70600. The eftect of ammonia has not been
studied to the same extent as the effect of sulfides. Never-
theless, the presence of any significant amoumt (for in-
stance in the 10-20 ppm range) should be reason for
considering field tests or remedial measures.

Effects of Chiorine

Cpastal power and process industry plants have used
chiorine to control biofouling and slime formation tor many
years. General experience indicates that Cl, concentra-
tions inthe range of 0.2-0.5 ppm will control biofouling with
no effect on the corrosion of copper-nickel alloys. Results
from tests on C71500 for six months are shown in Figure
12,“% indicating no adverse effect on corrosion at seawater
velocities up to 3 nvs. Infact, a slight reduction in corrosion
rate was noted even at chlorine levels of 1.5 ppm injected
intermittently.

Even though alloy C70600 is inherently resistant to
attachment of fouling organisms, a few of the larvae which
pass through even the smallest screen openings are able
to attach to the surface during periods of low flow or shut
down. The few that do attach determine the interval be-
tween mechanical cleanings needed to restore full heat
transter capability. Without chlorine injection, mechanical
cleaning to restore heat transfer may be needed in one or
two months. Chiorine injection will extend the interval
between mechanical cleanings and maintain original heat
transfer capability for extended perods. Chiorine injection
is normally provided for heat exchangers in coastal plants
which are seidom cleaned more than once a year and for
naval ships which must maintain their equipment at maxi-
mum efficiency at all imes. Chiorine may be added in the
gaseous form or developed in situ via electrolytic chlorine
generation.

Effects of Marine Blofouling

The copper-nickel alloys have long been recognized
for their inherent resistance to marine fouling. This resis-
tance i8 usually associated with macrobiclogical fouling
such as bamacles, mussels and marine invertebrates of
corresponding size. Excellent service experience in sea-
water intake systems including piping, screens, waterboxes,
tubesheets and tubing has confimed much of the research
and testing results demonstrating anti-fouling properties.
Bulow and LaQue and Clapp'® demonstrated that foul-
ing was not observed on alloys containing 80% copper or
more, and only incipient fouling was noted on C71500. Efird
and Anderson™¥ later confirmed these observations in
exposure 16sts in clean seawater up to a 14-year duration.
Likewisa, practical experience withboat hulls of both C70600
and C71500 copper-nickel alloys has demonstrated excel
lant resistance to hard shell fouling and an accompanying
reduction in hull maintenance costs.



Ritter and Suitor* studied biofouling growth on tita-
nium and C70600 at 27 C and at various seawater velock-
ties. They observed that the major fouling probiem with
titanium was sitt particles bound by organic growths, that
attach at low velocity, while C70600 “fouls” by corrosion

products and silt. Increasing velocity removes the silt b~

not the marine organisms that have attached t0 titanium.
Intial and continuous water velocities above 1 mvs can
keep most alloys free of biofouling. The U.S. Navy has
reported 47 marine fouling problems can be minimized in
titanium condensers or heat exchangers by aways operat-
ing at water velocities in excess of 1.2 mvs throughout the
heat exchanger.

Studies by Lewis“ demonstrated the excellent resis-
tance to biofouling and maintenance of heat transter effi-
ciency for alloy C70600 in natural seawater. This work,
shown in Figure 13, indicates the relatively slow rise inheat
transfer resistance on the corntrol tube (1-in diameter with
seawater flow at 1.8 mvs) until a mechanical brush cleaning
was necessary on day 112 of the 180-day test to keep the
heat transfer resistance (R,) below 0.9. By comparison,
non-copper alloy tubes were brush cleaned 12 timesin 120
days to maintain the same heat transfer. When intermittent
chlorine injection at 0.25 ppm for 24 min/day was intro-
duced, the heat transfer resistance had risen only to 0.40n
day 166, at which time a single sponge ball pass reduced
the R, factor by 50%. An important obsaervation in Lewis’
work was that carefully monitored and controlled mechani-
cal cleaning of C70600 tubing can maintain excellent heat
transfer resistance and corrosion resistance. !t mechanical
cleaning is utilized, it must be remembered that too great a
frequency may remove the protective corrosion film and be
detrimental to tubing lite.*

Ferrous lon Treatment

‘It is well established that not only iron in the alioy but
also iron additions to the seawater are beneticial in estab-
lishing a protective surface film on coppef alloys.®4"
Ferrous ions from either ferrous sulfate or driven lron
anodes have been used,™? particularly where suitide ion
pollution has been encountered in cooling waters. Hack
and Lee®® demonstrated that continuous low level addition
of ferrous sulfate couid counteract accelerated corrosionof
alloy C70600, as shown in Figure 1 4, As noted previously,
ships at sea employing copper-nickel alloy condensers
rarely incur corrosion problems when in port.

Crevice corrosion

Crevice cormosion is rarely observed on copper-nickel
alloys but, when detected, is usually metal ion-concemra-
tion cell type crevice corrosion. In this mechanism, metal
ions accumuiate in the occluded area. The crevice be-
comes ennobled and dissolution occurs adjacent o the
crevice at surfaces exposed to aerated seawater. Velocity
tends to aggravate this type of corrosion once initiated,
atthough penetration rates are not usually severe. Ander-
son explained that this type of localized attack on copper-
nickel alloys is relatively insensitive to ihe boid/sheltered
area ratio since the area of the cathode is determined by
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dimensions within the crevice rather than the surface
outside the crevice.

Dealioying

Dealloying of copper-nickel afloys is quite rare in dlean
seawater and only observed at temperatures above 1,000
C under conditions of high heat flux.®

Stress Corrosion cracking

_ The copper-nickel alloys are not susceptidle to crack-
ing as has been demonstrated in many distillation-type
desalination plants.

MATERIALS SELECTION
Tubing

Qondenser and heat exchanger tubing of arsenical
admiralty brass predominated the field until aluminum
brass was developed for better impingement corrosion
fesistance. Much research and development in the copper
industry during the 1920-1960 period was devoted to
development and enhancement of the stable, protective
corrosion film on copper-nickel alloys. The net resutt of this
era in terms of today’s much used copper-nickel family of
alloys is what is now considered the basic tubing alloy of
C70600, plus alloys C71500, C71640 and C72200. Where
higher water velocities, turbulence and entrained solids are
found, the latter three alloys are the logical choice. For
instance, in the large tankers and container ships fitted with
scoop intakes for their main condensars, water turbulence
is a problem that is difficult to control by any means other
than the designers' selection of alloy C71640. Much less
experience has been obtained with the erosion cormosion
resistant alloy C72200, but it remains an interesting devel-

opment.

In the process industry, C70600 tubes are also the
basic choice for heat exchanger tubes where they are
compatible with procass-side conditions. When not com-
patible, duplex or bimetallic tubes, of either steel or a
specific grade of stainless steel over an internal copper-
nickel tube, is sometimes used. These require special heat
exchangerdesign in both rolled and welided tube/ubesheet
construction.

A very well-known survey of condenser tube perfor-
mance in coastal power plants was conducted some 25
years ago,™ but stid stands as an excellent reference
today. In both clean and poliuted seawater where five
ditferent tubing alloys were in service, the calculated failure
rate per 10,000 hours of operation was 0.05 to 0.11 for
C70600 and 0.004 to 0.060 for C71500. The authors
conciuded that there was an 85% probability of attaining 20
years life with not more than 5% tube loss for alloy C70600.
The probability for C71500 was slightly less at 81%.

This survey also included a report from 20 U.S. Navy
Destroyers, all in servica for at least 20 years. Alltubingwas
aliloy C71500 with C71500 tubesheets in both main and
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auxiliary condensers. The average tailure rate was 0.008 in
auxiliary condensers and 0.018 in main condensers.®

Tubesheets

Any trend tov d welding tubes to the tubesheet and
galvanic considerations strongly suggests use of the same
alloy for tubesheets as the tubes. Alloy C70600 is a good
selection with tubing of the same alloy. Tubesheet ailoys
should not be more noble than the tubing alloy. Hence,
when C71500 or C71640 tubes are utilized, the best
tubesheet selection would be C71500.

Bronze tubesheets are still being used, beginning with
some old units employing Muntz metal C28000 or the
leaded alloy C63500. Aluminum bronze alioy C61400 is
also used, but there is some preference for the more
corrosion resistant nickel-aluminum bronze alloy C63000.
These tubesheet materials are anodic to C70600 and
C71500 tubing and provide a small measure of protection
to the tube ends.

Solid alloy tubesheets are desirable, afthough there
are some instances in process industry heat exchangers
where clad tubesheets may be employed, depending on
shell-side requirements. In the case of clad tubesheets, the
welded tube to tubesheet joint is recommended for maxi-
mum reliability.

Waterboxes

Waterboxes of cast iron or carbon steel with a coating
of rubber, plastic or 100% solids epoxy paint are quite
commonly found. As mentioned previously in the section
on gaivanic effects, cathodic protection is strongly recom-
mended to protect the steel at small breaks or pinholes in

such goatings.

Thinlinings of C70600 have been utilized to cover steel
waterboxes. The process of attaching the lining to the steel
by MIG spot welding was developed in the U.K.® and the
British navy has used this process.

For small waterboxes, Ni-Resist cast iron can be used
since it has better corrosion resistance than carbon steel or
ordinary cast iron, hence a longer life. If left uncoated,
however, it will provide galvanic protection to the tube
sheets and tube ends. This may be desirable for corresion
resistance but not if the antifouling characteristics of cop-
per-nickel alloys are being relied upon.

Solid C70600 or C71500 waterboxes have beenwidely
used in ships and desalination plants. In some cases, a
fabricated construction of carbon steel stitfening on the
exterior and copper-nickel on the water side provides an
economical design. Cast auminum bronze or cast nickel
aluminum bronze waterboxes are used and, in most cases
are acceptable with copper-nickel tubes and tubesheets.

Start-up/Lay-up Procedures

The extended start-up perbds of modem power plants
as well as the extended outfitting periods of ships have led

to failures of copper alloys where water is left in, or
incompletely drained from, the seawater cooling system.
Leaving the systems full, partially drained or simply wet,
invites putrefaction of seawater which can occur within
three to four days.™ Oxygen is consumed by corrosion
and biological oxygen demand, i.e., decay of organic
matter found in nearty aft natural waters. Bacterla thrive and
create local environments that favor microblologically in-
duced commosion (MIC). Most failures that have been re-
ported during these stant-up perods may well be due to
MIC, a_npough usually the failures are considered sulfide
tkype pitting corrosion. The remedy is simply good house-
eeping.

Ifunits are to be left full for more than two or three days,
pumps should be started once each day to displace the
stagnant water with a fresh supply of the natural cooling
water."? H units are to be down for more than a week, they
shouid be fully drained and blown dry to remove all water
in low areas between tubing supports.

CONCLUSIONS

1. The normal film that forms on copper-nickel alloys in
aerated seawater becomes mature in about three
months at 16 C and becomes increasingly protective
with time in service.

2. Once mature, the normal film is quite resistant to
poliuted waters, velocity excursions and ather abuse.

3. Abnormal films that form in polluted waters and
under some start-up conditions are less protective
and more easily disrupted. These films are replaced
by normal films once the units are retumed to normal
operation in clean waters.

4, The inherent resistance of copper-nickel alloys to
biotouling enabies units to operate for several months
between the mechanical cleanings needed to re-
store original heat transfer capability. Chiorine injec-
tion will extend the intervals between mechanical
cleanings to a year or more without detrimental
effect on the corrosion resistance of copper-nickel
alloys.

5. Imake system design to screen out debris, (sticks,
stones, crab claws, sea shells, etc.) that could lodge
in and partially block tubes is essential to the good
performance of copper-nickel alloy tubes. Failures
of tubing downstreamof lodgements are really screen
failures and must be treated as such in order to
prevent recurmencs.

8 Low velocity can be as damaging, or perhaps more
s0, than high velocity. Design velocities of less than

2 nmvs are likely to subject tube materials to under
deposit cormosion and premature failures.

7. During start-up and standby periods, units that are
left full should have water circulated for one hr/day.
Units that are drained shouid be biown dry to remove
water left in the bottom of tubing between low spots.
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Copper-nickel alloys are galvanically compatible

with copper alloy tube sheets and waterboxes.

Coated waterboxes require supplemental gaivanic

protection to prevent severe corrosion of the sub-

strate steel that becomes exposed where the coat-
ing is damaged. Such units also require chiorine
injection as the galvanic protection needed for the

waterbox negates the inherent biofouling resistance
of copper-nickel.
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strainer in Figure 3; finer dedris (bottom) that
had passed through the tube bundie.

Figure 5 Penetration of tube downstream of lodgement.
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COPPER-NICKEL ALLOYS IN DESALINATION SYSTEMS

BRIAN TODD, Consultant to the Nicke! Development institute

INTRODUCTION

Large scale desalination began with the development
of the multi-stage flash (MSF) distillation process in the
1960s. Since then the industry has grown rapidly 1o be-
come a major user of alloy materials, and in particular
copper-nickel alloys. Installed capacity worldwide by De-
cember 31, 1989 was 13,297,000 m¥/day." Of this, 62%
used the MSF process and although the proportion of MSF
plants has declined in favor of other processes such as
reverse osmosis, it is still tavored for large plant capacities
such as are required in Middle Eastem countries. The
importance of this industry to metal producers can be
appreciated from the tonnage of tubing needed 10 supply
the tubing for the installed MSF capacity. This is 210,000
tonnes approximately.

This paper reviews materials requirements for MSF
plarits and in particular the use of copper-nickel alioys.
Although heat exchanger tubing is the most important
individual application, there are other important uses such
as tubeplate, waterboxes, piping and evaporator shells.
The copper-nickels are used for a wider range of compo-
nents than any other material in MSF evaporators. The
requirements of these components willbe considered. Also
some of the problems which have occurred in MSF plants
will be described.

The MSF Process

Figure 1 is a simplified flow diagram of an MSF plant.
In this process, evaporation and condensation is split into
many stages, thereby increasing efficiency. Incoming sea-
water is passed through heat exchanger tubing on the
exterior of which water vapor, at progressively higher
temperatures, is condensing. Finally, it is passed to a
heater where steam from an external source supplies the
energy for the process and heats the seawater 10 the
maximum process temperature, which depends on the
type of anti-scalant used.

The seawater then passes to the evaporator vessel
where pressure is released, causing t to boil or flash. T_his
process is repeated in many stages, the pressure being

reduced so that flashing occurs at progressively lower
temperatures. The condensed vapor is collected and passed
down the plant flashing at each stage and is removed atthe
lowest temperature and is the product from the plant.

In large piants the major part of the seawater stream is
recirculated through the plant. Some is blown down to
waste and fresh seawater added to maintain concentration
within acceptable limits from scaling considerations. This
recirculating brine, because it has been boiled many times,
is deaerated and this has a marked effect on iis corrosivity.
In most modem large plants the feed is deaerated in a
separate vessel before adding to the recirculating brine.

The final stages in the plant are known as the heat
rejection stages and are the only ones exposed to aerated
seawater.

Figure 1 is for a plant where the seawater is acidified
to control scaling. It includes a decarbonator to remove the
carbon dioxide gas resulting from acidification. When
polyphosphates or organic antl-scalants are used, a
decarbonator is not required.

MSF is basically a heat exchange process and the
tubing shouid have good thermal conductivity as well as
corrosion resistance.

HEAT EXCHANGER TUBING

Copper alloys have beentraditionally used for handling
seawater and this practice was followed when the first large
desalination plans were buik. The performance of these
alloys has, in general, been good and they remain first
choice for most plants. Table 1 gives details of the four
alloys used.

The behavior of the alloys listed in Table 1 in these
environments are described in the following paragraphs.

Copper Alloys in Natural Seawater

There is a long and well-documented history of usage
ot copper base alloys in natural seawater. The most com-
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TABLE 1

Alloy Nominal Composition § UNS
Cu Zn Al Ni Fe Mn As Number

Aluminium 76 2 2 - - 0.04 C88700

brass.

90-10 CuNi Rem - - 10 15 1.0 - C70600

70-30 CuNi Rem 30 06 10 - C71500

66-30-2 CuNi Rem - 30 20 20 - C71840

The choice of alloy depends on the corrosion
conditions in the ditferent sections of the plant as
well as tube costs. The corrosion conditions can
be considered as follows:

1. Natural seawater - Reject section.

- Brine Heater and Heat
Recovery sections.

2. Deaerated seawater
and brine

- Tube exterior in all

3. Incondensable gases
sections.

and water-vapor

mon cause of failure in these alloys is by impingement
attack or corrosion-erosion, but factors such as sulphide
pollution, sand in seawater, chlorination, partial blockage
(from faulty screening or marine growth) etc. can be an

influence.

A detailed survey of 123 desalination plants was car-
ried outby A.D. Little.® The failure rates recorded in this for
the reject section were as follows:

Failure Rates® Tube Costs
Al Brass 6.8 Least Expensive
90+10 CuNi 2.3
70-30 CuNi 1.6
66-30-2-2 CuNiFeMn 0.05 Most Expensive

*Defined as the percentage of tubes plugged and
in retubed bundies.

These data agree with the general experience of these
alloys in seawater applications. As the survey covered a
large number of plants in many locations it is a reflection of
the resistance of the alloys to the many factors given above
which influence these alloys in seawater. Sato and Nagata®™
compared aluminium brass and 90-1 0 copper-nickel undef
conditions of partial blockage, chlorination, and sponge bak
cleaning. They showed that the 90-10 copper-nickel was
more resistant except with sponge ball cleaning, which
should be restricted with that alloy.

Interms of tube costs, the most resistant alloys are the
most expensive. For this reason all the alloys listed are
used for heat rejection tubing. The 66-30-2-2 copper-nickel
is often used in large plants and is preferred to the 70-30
copper-nickel which is rarely used in reject sections. For
small and medium-sized plants, 80-10 copper-nickel is
normally chosen.

Copper Alloys In Deaerated Seawater and Brine

As corrosion of copper alloys in waters of neutral pH
requires the presence of oxygen to enabie the cathodic
reaction to occur, 4 could be predicted that deaerated
seawater and brine would be less corrosive than natural
seawater, data fromthe A.D Little survey support this view.
These data are as follows:

Failure Rates’ in Heat Recovery Tubing

Aluminum Brass 1.07
90-10 CuNi 0.38
70-30 CuNi 0

66-30-2-2 0.02

* Defined as the percentage of tubes plugged
and in retubed bundles.

Various studies of cormosion under deaerated condi-
tions have been camied out. Anderson® contirmed the
beneficial etfects of deaeration and found that corrosion-
erosion effects could occur at intermediate temperatures
even at low (40 ppb) oxygen contents. A study by Dow
carried out for the OWRT™ showed that at low oxygen
levels all the alloys tested showed high resistance to
comosion. important differences occurred when the oxy-
gen level increased. Figure 2 illustrates this effect for
aluminium brass, 90-10 and 70-30 copper-nickel. This
indicates that alumninium brass is more sensitive to varia-
tions in oxygen coment which can occur during plant
operation.

Another factor which has to be considered is the effect
of pH. Although a low pH will not itself cause corosion of
copper alloys, it can by damaging protective films aliow the
oxygen present 1o cause corrosion. Evidence for this can
aqgivr: be seen in the data from the A.D. Little Survey, as
follows:

Fallure Rates® with Acid and Additive Antl-scalants

Heat Recovery Section
Acd Additive
Aluminum Brass 9.0 0.02
90-10 CuNI 0.38 0.60
70-30 CuNi 0 0

* Defined as the percentage of tubes plugged
and in retubed bundles.

As the normal operating conditions, in terms of pH, for
acid and additive dosed plants is very similar, the differ-
ences in failure rate can only be due to operating outside
the design values which is possible with acid dosing. Again,
the copper-nickels are more consisternt in performance
under fluctuating plant conditions.

Another section of the plant which is exposed to deaer-
ated conditions is the brine heater. This section is exposed
to the highest plant temperature —up to 120 C. Experience



has shown that the tubing in this section has the highest
tailure rates but when the tubas are examined they are
seen to have failed by scaling or due to damage during
mechanical descaling; corrosion failures are rare. For this
reason it is usual to fit 70-30 copper-nickel tubing in this
section because of its higher streny,... and ability to with-
stand mechanical descaling. In some cases the reason for
failures has been misimerpreted and thin-wall titanium was
fitted which resulted in a shorter lite than the original copper
alloy.

Copper Alloys in Incondensable Gases

The gases evolved from flashing brine pass into the
vapor space, are guided to the gas extracticn zone by batfle
plates, and the concentrated gases are then removed by
steam ejectors. These gases are mainly carbon dioxide
and air (oxygen and nitrogen). In acid-dosed plants most of
the carbon dioxide is removed before the seawater is fed to
the plant, but in additive-dosed plants, the heat of the
process decomposes bicarbonates and much greater
amounts of carbon dioxide are evolved. Seawater normailly
contains a small amount of ammonia, and this aiso passes
to the vapor space increasing the corrosivity of the gases.
Some designers vent the Brine Heater into Stage 1, and if
ammonia-forming compounds, such as hydrazine, are
used for boiler water treatment, this markedly increases the
ammonia content of the gases inthe vapor space. Although
this ammonia is not a problem in the Brine Heater, as
oxygen is absent, it can cause serous cofrosion on the
copper tubing in the high temperature stages where some
oxygen is normally present.

Although there have been some repors of corrosionon
tube exteriors in gas extraction zones (Sato and Nagata®),
the main problem encountered is an increase in copper
content in the product water. In one case known to the
author this increased to 2.5 ppm, whereas in most piants,
it is less than 0.02 ppm.

There is little information on gas concentrations in
vapor spaces. Conventional thinking is that most gas is
removed in the first few high temperature stages. However
recent™ work on corrosion of carbon steel in MSF plants
shows that air inleakage, together with gases cascading
down the plant and from flashing distillate, can cause
severe cofmosion.

Experience from power plart condensers is that 70-30
copper-nickel is the best copper basa alloy for resisting
corrosion inthe gas extraction zone. This alloy is oftenused
for his section even when the unit is tubed with another
alloy.® Tests in ammonia/carbonate mixtures™ demon-
strated the supenority of 70-30 copper-nickel in these
environments. Data from these tests are as follows:

Corrosion in 500 pprv1,400 ppm NH3NH4CO3 Solution

Alloy Corroslon Rate ( mm/yr )
Aluminum Brass 0.13
50-10 CuNi 0.10

70-30 CuNi 0.08

V-3

In MSF plants 70-30 copper-nickel is often selected for
the _tpp temperature recovery stages, especially when
aoditive anti-scalants are used, in order 1o resist the high
concentrations of carbon dioxide and other gases inthese
stages. As aluminium brass can suffer stress corosion
cracking® due to ammonia in incondensable gases, this
alloy is not normally used in the high temperature stages
although sometimes used in the low temperature recovery
stages.

Where vapor-side corrosion occurs, it causes unitorm
thinning of the tube wall, eventually resulting in pertoration.
There may be some pitting associated with the thinning but
thrs is normally very shallow and does not cause penetra-
tion. Vapor-side corrosion is most frequently experienced
in vent condensers where incondensable gases removed
fromthe plant are cooled before exhausting to atmosphere.
In these units the lite of copper alloy tubing is short — a few
years — and titanium or high alloy stainiess steel is used.

Heat Exchanger Tubing - Trends in Materials Selection

Based on the considerations reviewed above the opti-
mum materials selection for copper-base alloys would be:

Preferred Alloy Altematives
Heat Reject  66-30-2-2 CuNiFeMn  70-30 CuNi
90-10 CuNiI
Aluminum Brass
Heat Recovery 70-30 CuNi (Top stages) 90-10 CuNi
80-10 CuNi Aluminum Brass
Brine Heater  70-30 CuNi 80-10 CuNI

Some plants using 66-30-2-2 CuNiFeMn in the reject
sections also usa this alloy inthe Brine Heater and the high
temperature recovery stages. Although this is technically
satisfactory, this alloy is a littie more expensive than the
70-30 copper-nickel, which is preferred.

TUBEPLATES

The normal method of fitting tubes into MSF plant is by
roller expanding into tube plates. These plates are sub-
jected to corrosion conditions similar to the tubing and are
made from similar copper-based alloys. However, asthese
plates are relatively thick, as compared to the tubing,
sometimes other less expensive alloys are used. Table 2
gives details of some tubeplate materiais often used in
desalination plants.

When copper-nickel tubing is used, 90-10 copper-
nickelis the preferred tubeplate material. Aluminium bronze
is less expensive than 90-10 copper-nickel and has higher
mechanical properties (which can be advanageous by
allowing a reduction in plate thickness); hence, ks use inths

appicaton
Naval brass is the least expensive of the alloys listed

but is less corosion resistant than the others. In natural
saawater it can sutfer dezincification, despite s tin content
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TABLE 2
Alloy Tubeplate Materials-Nominal
(UNS Number) Composition (%)

Cu Ni Al Fe 2Zn Sn
90-10 CuNi REM. 10 - 1.5 - -
(C 70600)
Aluminum Bronze REM. - 7 3 - -
(C 61400)
Naval Brass REM. - - - 39 1
(C 46400)

1o limi this; but, this can be controiled by fitting iron anodes
in the waterboxes.

90-10 copper-nickel and aluminium bronze have good
weldability and can be weided directly to the steel shefl
which simplifies construction. Naval brass can be welded
only with great difficulty and is usually bolted to the shell.

90-10 copper-nickel is available as clad plate, i.e., a
steel plate with an integrally bonded layer of copper-nickel.
Where this is used with roller expanded tubing, an ad-
equate layer of alloy must be provided in order to achieve
a tight connection. This layer should be 8-10 mm thick,
which means that this type of tubeplate is economical onlty
for thick constructions. A thinner layer is possible if the
tubes are welded into the tubeplate, but this is not normally
used for MSF plants.

It an inadequate alloy layer is used and a leaking tube
to tubeplate joint results, corrosion can occur on the carbon
steel behind the alloy layer. This results in the development
of a large pit or hole in the steel, and the cormosion product
ditfuses to the tubeplate surtace along the leaking joint. On
this surface, a large tubercule of rust forms. In aerated
seawater this is mainly femic oxide, but in deaearated
conditions it is usually black magnetic iron oxide. The earty
stages of this type of corrosion show themselves by evi-
dence of red or black iron oxides “bleeding” from the
expanded joint. Cleaning off and re-expanding can some-
times prevent further corrosion.

WATERBOXES

MSF plants require waterboxes and, in cross-tube
plants, the number required can be large. Because of the
large area of copper base alloy provided by the tubes and
tubeplates, galvanic corrosion can occur if carbon steel is
used for the waterboxes. Coatings have proven unreliable,
with the exception of thick (3-5 mm) rubber linings which
are sometimes used in the reject section. Damage 10
coatings can result in concentration of attack at the dam-
aged area resulting in rapid penetration. Also coating
breakdown has resulted in partial blockage of the tubes
giving local turbulence and tube failure.

Most large modem plants use waterboxes made from
90-10 copper-nickel clad steel plate. The alloy layer is
usually 2.5-3.0 mm thick. This thickness is set by fabrica-
tion considerations - the ability to work with tolerances
within the thickness of the alloy layer. Cormrosion consider-

ations would allow a thickness of about 1 mm which is
adequate for the tubing.

90-10 copper-nickel has good weidabillty. Inert gas
welding is preferred, atthough coated manual electrodes
a available. In both cases, the filler material is usually 70-
30 copper-nickel to ensure that the less homogeneous cast
structure of the weid maiches the corrosion resistance of
the wrought base material. The filler metals and electrode
coatings must comain smalil amounts of elements with a
high atfinity for oxygen and nitrogen. These are usually
manganese and ttamum. Full details of weiding these
alloys, including clad products, are given in Retersance 10.

Figure 3 illustrates a technique which has been used
to line components with 90-10 copper-nickel. This involves
the use of metal inert gas welding to provide a spot weld to
fasten the lining to the steel component. Reterence 11
gives details of this technique which has been used for
lining waterboxes and other MSF plant components. Thin
sheet 1.2 mm is used for waterboxes.

EVAPORTOR SHELLS AND FLASH CHAMBER LININGS

90-10 copper-nickel has been used for construction of
evaporator shelts — usually in smail plants up to 1,000
tonnes/day. it has aiso been used for lining large plants,
notably the 50 mgd Al Khobar plant in Saudi Arabia where
all stages are lined with alloy. In this case, 90-10 copper-
nickel clad plate was used for the shell with soiid alloy for
intemal components. .

In small plants advantage Is taken of the ability to weid
copper-nickel direct to carbon steel by using relatively thin
copper-nickel for the parts exposed 1o cormosion and pro-
viding strength with extemal steel sections. This gives an
economically attractive, high quality construction which
has been proven over many years of sarvice life. Figure
407 shows a plant which operated in Ascension Island for
over 20 years. The 90-10 copper-nickel evaporator body,
waterboxes, etc., were in excelient condition with no evi-
dence of commosion damage.

Inlarge plants, corrosion of steel in flash chambers has
bes . sanous problem,® and most plants are now par-
tla.v sometimes completely — iined with alloy material.
Althcugh |t i8 accepted that plants with alloy Hinings are
more reliable and require less maintenance, the economic
aspects are often questioned. A study®4 on this aspect
concluded that a plant completely lined with 90-10 copper-
nickel would cost only 5% more than an uniined one. i this
is true for all plants, then the usae of linings must be economic.

The choice of lining materials is between stainless
steel and 90-10 copper-nickel. Athough both are techni-
cally satistactory, the stainless steel is slightly less expen-
sive. However, this saving is offset by the extra care
needed 1o avoid pitting during shutdowns when oxygen has
access to the plant. Both materials, therefore, can be
accepted for large plants, and both are specified.

Paint coatings have been tried in an attempxt to provide
a less expensive lining. These have not been satisfactory



as the paintfilm is damaged by the equipment which has to
be used inside these plants for routine maintenance. Re-
pair to the coatings is often difficult to fit into the shutdown
schedule, and pitting at damaged areas usually results. In
some cases breakdown of paint coatings has resulted in
blockage of pump filters, necessitating unscheduled plant
shutdown for cleaning.

PIPING SYSTEMS

Large amounts of piping are required in MSF plants to
carry seawater, brine, etc. Various materials, including
steel, coated steel, 316L stainless steel, FRP and 90-10
copper-nickel are usedforthese pipes. While steel is cheap
in first cost, it sutfers from corrosion and requires mainte-
nance and replacement. In seawater, 316L stainless steel
suffers pitting and, afthough it can be used in deaerated
seawater and brine, care is needed during shutdowns 1o
avoid leaving chloride-containing water with access 10
oxygen. Coated steel is unreliable and FRP has given
problems."®

90-10 copper-nickel has been used for piping systems
for many years. It is technically suitable for use in both
agrated and deaerated seawater and brine, but its eco-
nomic suitability is sometimes questioned. In this connec-
tion, a UK study"® which carefully examined all factors
influencing pipe costs (design, fabrication, installation etc.),
is of value. This showed that the installed cost of a ship's
seawater system in 90-10 copper-nickel was only 30%
more expensive than a system in cast iron and steel, even
though the material costs for the alloy system was three
times that of the steel system. As the steel system would
require renewal at least once inthe Iife of the ship, thenthe
alloy system was clearty more economic.

Considerations similarto those usedinthe above study”®
apply to MSF piping and to 90-10 copper-nickel piping
systems which are widely used in these plants and have
performed well. These considerations include good
weldability, ability to use high flow velocities (minimizing pipe
size and cost), and ready availability of standard pipe fittings.

CONCLUSION

The copper-nickel alloys have a combination of prop-
erties, such as corrosion resistance, fabricability and me-
chanical properties which meet the needs of MSF plants.
These alloys, particularty 90-10 copper-nickel, have been
used for a wider range of applications than any other
material. Also, their performance in these applications has
generally been good. Further development of this industry
is likely to involve more use of these alloys even when new
processes areused. Thisis because seawateris likely to be
the main feedstock for desalination and the copper-nickels
have a proven record for handling seawater.
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A REVIEW OF COPPER-NICKEL ALLOY SHEATHING
OF SHIP HULLS AND OFFSHORE STRUCTURES

D.T. PETERS, Vice President,Copper Development Associe*' ~n Inc.

SHIP HULL SHEATHING
Background

Marine engineers have sought effective and economi-
cal means to protect ship hulls and marine structures from
the ravages of seawater and marine life for centuries.
Wooden hulled ships were sheathed with lead by tramp
coastal traders in the time of Alexander the Great. Lead,
like copper, resists biotouling growth.

The British Admiralty used sheets of copper nailed to
wooden ships starting with the frigate Alarm in 1761 to
protect against worms and fouling. Galvanic corrosion of
iron tasteners and boflts led to loss of the copper and
weakening of the ships. It was not until the 1780s with the
introduction of copper fasteners that copper sheathing
became popular. With the advent of steel hulls, copper
sheathing gave way to copper-base antifouling paints.

-+ The ideal hull material for ships of various sizes and
duties has been the subject of intense study, and a variety
of hull materials are being used or have been evaluated.
Copper-nickel as a hull material was first used as earty as
1941 in construction of Miss Revere, a 13.7 myacht with a
2mmthick copper-nickel hull.In the mid-1960s, a professor
at the University of Alabama designed the yacht, the
Asperida. He had been seeking material with the best
combination of corrosion and biofouling resistance. Alloy
C71500, 70-30 copper-nickel, was selected over C70600
90-10 copper-nickel, because the greater strength was an
advantage in his particular design.

This led directly to a series of engineering studies by
the International Copper Research Association (INCRA)
now the International Copper Association), the Imema-
tional Nickel Company and the Copper Development Asso-
ciation Inc. and the constructionin 1971 of Copper Manner,
a 20.4-m commercial shrimp trawler with a copper-nickel
hull. The primary objective was to determine whether the
inherent resistance of alloy C70600 to biofouling and
corrosion would generate sufficient fuel and maintenance
savings to justify the cost premium for the copper-nickel
hull.

Copper Mariner (Figure 1) has been described else-

where® and will not be elaborated on here. This trawler has
a 6-mm thick alloy C70600 hull welded to steel framing.
Copper Marinerdemonstrated a retumn oninvestmentinthe
range of 12.9 to 16.7 percent after taxes for shrimp trawler
operations off the coast of Nicaragua. These figures are
based on measured fuel and maintenance savings and
estimates of the increased eamings potential of this boat
due to additional days of availability when compared to the
sister steel hulled boats.

The corrosion rate of the hult was less thanthe 0.00125
mmvyr reported lor long-term exposure of C70600.™ Inter-
estingly, hull plate thickness measurements after 52 months
of service showed no differences in metal loss in the heat
aftected zone areas of the hull where re-solution of the
precipitated iron had taken place compared to the hot-
rolled plate with iron precipitated. The majority of the hull
had a dark-colored corrosion product tilm; the heat atfected
zones were a light goiden color. The speed of Copper
Manner is in the 4-10 knot range.

The copper-nickel hull of Copper Marineris very resis-
tant to touling (Figure 2). Comparison with the steel hull ot
the sister ship just prior to its third cleaning after 18 months
of service, is striking (Figure 3).

Copper Marineris 20 years old this year. She is still in
service, and at last word from the Minister of the National
Fishing Industry in Nicaragua,. the copper-nickel hull has
never required maintenance. Inspection of the hull at
drydockings for propeller and shafting maintenance have
shown no noteworthy signs of general or pitting corrosion.
Four similar boats with 4.8-mm thick C70600 alioy hulls
were built in the earty 1970s for service in Srl Lanka.

A number of very successful copper-nickel hull ships
have been constructed using a composite material of 50-10
copper-nickel alloy clad on to steel. A second shrimp
trawler, Copper Maniner I, was bwilt in 1976 with 8-mm,
25% C70600 alloy clad steel huil plate. This hull demon-
strated fabricability and weldability using clad matenal and
welding techniques described by Prager, et. al.! More
recently, the ftalian Ministry of the Interior purchased sev-
eral fire boats for the port at Naples and other locations.
These boats have hulis made from 2 mm of 30-10 copper-
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nickel clad on 6 mm of steel with alength of 22.56 mand a
displacement of 72 tonnes. These copper-nickel hulls
assure maximum availability of the fire boats by eliminating
the need for hull maintenance of any kind.

Two clad-metal-hull pilot boats were constructed in
1987 for the Board of Navigation in. Finland. These two
boats were planned as a comparison between austenitic
stainless steel and 90-10 copper-nickel for use in the Baltic
Sea where ice is a major problem. Both boats are reported
to be performing well.

Two boats of note have been constructed in Japan.
Although we have no details, we were informed of a yacht,
the Akisushima, built by the Furukama Electric Co., Lid.,
with a 4-mm thick copper-nickel sheath welded to the stesel
hull. In 1989, this boat was reported to have crossed the
Pacific Ocean to Victoria, British Columbia, Canada. The
NKK Corporation has reported the construction of an
experimental ship, Cupro, with a copper-nickel clad steel
hull, These Japanese ships are of great interest and we
would be most imerested in knowing about their perfor-
mance and construction details. A summary of vessels
constructed to date with copper-nickel hulls is presented in
Table 1. The concept has attracted considerable attention
tor smaller commercial craft, but a ship of length greater
than 25 m has not been built.

Cladding and Sheathing

For larger ships, solid copper-nickel hulls are obviously
impractical. Practical means of facing the steel with copper-

nickel include both cladding and sheathing. By cladding we
mean a composite material having a metallurgical bond
between the steel and the copper-nickel alloy. Both hot-roll
bonding and explosive torming have been used to produce
this metallurgically sound interface. Sheathing refersto the
attachment of relatively thin copper-nickel sheet to the hull
by welding or the use of adhesives. Sheathing is therefore
applicable to ratiofitting existing ships as well as to new
construction. Sheathing, with or without an insulating layer
between the copper-nickel and the steel, is also applicable
to oft-shore oil and gas structures as well as a wide variety
of bridge, dock structures and power or chemical plant
seawater intake systems for corrosion protection and pre-
vention of biofouling. Sheathing with copper-nickel is the
main thrust of this paper because of its apparent relativety
attractive economics and its flexibility and applicabilty ic a
wide variety of marine structures in addition to ship hulls.

As noted at the outse - this paper, sheathingis an oid
concept. Copper-nickel s a ship hull material, as verified
in the experiences of the many smaller craft built to date,
does, as has been claimed, provide cormrosion protection
and eliminate fouling of the hull, both of which contribute to
reduced maintainence and fuel requirements. But these
concepts have not yet been combined on a large ocean-
going vessal to effect the advantages observed when the
concept is applied to smalier craft. This may be because a
variety of technical and economic issues remain unre-
solved in the minds of members of the ship building
community.

TABLE 1
Vessels Constructed with Copper-Nickel Hulls
% Huil .
Vessel Length (m) Launched Buitt Thickness (mm) Operating
Miss Revere 13.7 1841 USA 2 —_
Asperida Il 16 1968 Holland 4 USA
flona 16 1968 Holland 4 Curacao
Copper Mariner 22 1971 Mexico 6 Nicaragua
Pink Lotus 17 1975 Mexico 4 Sr Lanka
Pink Jasmine 17 1975 Mexico 4 Sri Lanka
Pink Rose 17 1975 Mexico 4 Sn Lanka
Pink Orchid 17 1975 Mexico 4 Sr Lanka
Copper Mariner |l 25 1977 Mexico 6+2° Nicaragua
Sieglinde Marie 21 1978 UK 6 UK/Caribbean
Pretty Penny 10 1979 UK 3 UK
Sabatino Bocchetto 21.5 1984 ltaly 6+2° italy
Romano Rosati 21.5 1984 ltaly 6+2° taly
Aldo Filippini 21.5 1987 ltaly 6+2° italy
Fire Boat VF544 21.5 1987 itaty 6+2° Italy
Pilot Boat 14.4 1988 Finland 7+25° Baltic
Akitswushima NA 1989 Japan steel+ 4™ Japan
Cupro NA 1991 NKK Japan 4.541.5° Asano Dockyard

* Copper-nickel clad steel plate

** Copper-nickel sheathed steel hull

NA=Not available



We will examine two issues relating 1o corrosion be-
havior of copper-nickel ship hulls which are frequently
raised, namely the erosion-corrosion capability of the cop-
per-nickel alloys and the likely consequences of the gak
vanic corrosion of the steel hull in the evert of damage to
the sheath. The more complex issue of the life-Cycle
economics of sheathing will ba analyzed for a particular
ship. Resutts of a study of sheathing methods and costs for
large ships is reviewed.

SEA SERVICE EVALUATIONS

Erosion-Corrosion of Copper-Nickel and the Question
of Velocity Limitation

Copper Mariner and many of the other ships listed in
Table 1 have maximum velocities in the range of 10-12
knots (5-6 mvs). Certainly, alloy C70600 has demonstrated
excellent corrosion resistance both to pitting and to ero-
sion-corrosion in seawater at these velocities on the hulls
of these ships. It remained to be demonstrated that alloy
C70600 had adequate tolerance at velocities in the range
ot 25 knots (12.5 mvs) required of large tankers or freight-
ers. Although the maximum velocity recommended for 1 00
mm and larger pipe is 3.5 Vs, there was indication that the
corrosion rate in pipes of very large diameter, or on the
essentially flat plate geometry of a ship’s hull, might be
quite acceptable at very much higher velocities.

Experiments on large ships were performed to try to
directly assess this velocity effect.® First, a complete
rudderwas sheathed and installed onthe GreatLand, a 24-
knot roll-orvroll-otf vessel. The rudder area is a region of
complex and turbulent flow. The tests show that alloy
C70600 and the Cu-Ni-Cr alloy C72200 are extremely
durable even inthe conditions of Cook Inlet off the coast of
Alaska, where ice and abrasive siltinthe water are encoun-
tered. The rudder with 74 m? of copper-nickel alloy sheath-
ing is shown in Figure 4.

Corrosion rates ware determined by measuring sheath-
ing thickness atintervals of severalmonths upto 14 months
of service. Thickness losses were very much a function of
position on the rudder as would be expected, but in no
position did the thickness reduction exceed 0.1 mm over
the 14-month test period. More importantly, the mean loss
rate was observed to decrease with time as shown in
Figure 5. Mean corrosion rates of less than 0.025 mmvyr at
the 14-month point were experienced for both alloys. This
means that a stable protective fiimwas beingformedonthe
rudder sheathing preventing the potentially disastrous high
corrosion rates thought possible by some people in this
high velocity, turbulent regime.

Since galvanic interaction betweenthe hull ofthe Great
Land and its sheathed rudder may have affected the
corrosion results, tests were next performed with copper-
nickel panels attached to, but electrically insulated from,
the hull and the rudder. Panels with exposed taces 250 mm
% 125 mm and insulated with Teflon and epoxy (Figure 6)
were assembled and fastened to the ship atfour locations
4.6 m below the water line. Measurements indicated that
some of the panels developed partial grounding to the hull,
meaning that in these cases the absolute value of the
corrosion rate is probably lower than it would have been
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had the insulation remained undamaged. The results ob-
tained by thickness measurements showed no significant
difference in the corrosion rate of the paneis at the vanous
hull locations. The rudder panets exhibited higher erosion-
corrosion rates than those on the hull (lessthan a factor of
2 and the rates were higher on the insulated rudder panels
than on the corresponding sheathed-rudder test locations.
Cathodic protection of the sheathed rudder by the hwll had
suppressed the corrosion rate by about a tactor ot three as
shown here:

Loss Rate (mmvyr)
insuiated Panels

Alloy Sheathed Rudder on Rudder
C70600 0.02 0.08
C72200 0.04 0.10

The C72200 Cr-containing alloy consistently showed
slightly higher comrosion rates. This was not as expected
and it is not certain that the observed ditterence is signifi-
camt.

The cormosion rate data forthe insulated panels showed
a definite decreasing tendency with time, again indicating
that a stable protective film was forming over the 14-month
pariod of the tests. The rates were tending to values of 0.02
to 0.1 mmvyr (and presumably lower if measurements after
longer exposure times had been possibie), which would be
quite acceptable in this application. Based on these obser-
vations, it is believed that 12.5 mvs (24 knots) is below the
breakaway velocity for copper-nickel in ship hull situations.
It is noted that the breakaway velocity determined by jet
impingement testing in the laboratory for alloy C70600was
approximately 5 mvs (10 knots). It is possible that the
ditferences in laboratory and ship hull results can be
attributed to factors such as:

1. Intermittent flow on a ship hull versus continu-
ous exposure in the laboratory;

2. Ditterences in hydrodynamic flow conditions in
the two situations; and

3. Difterences in dissolved oxygen and tempera-
ture of the seawater in the laboratory compared
to the actual hull exposure conditions expert-

- anced.

No matter what factor or factors predominate, it is feft
that the panel tests are more predictive of actual hull
performance than laboratory tests since the hull panels
duplicate the actual ship service conditions,

Sheathing Attachment Methods

In the earty 1980s, another hull panel experiment was
performed totest attachment methods and, again, to evalu-
ate the performance of copper-nickel panels on a ship in
servica.® A group of panels were attachedto the hull of the
Arco Texas, a crude-oil tanker, during construction of this
ship at Newport News Shipbuilding, Inc. This ship was
designed to be, and in fact is, the largest crude camer
capable of passage through the Panama Canal. Although
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not initially a part of the exposure plan, the severe abrasion

and impact loading attending passage through the Canal
provided a realistic, perhaps “‘worst case” test situation.

Twelve copper-nickel panets, each 0.9 m x 3.0 m and
3 mm thick were divided into four sets of three for emplace-
ment or. ...e hull near the light load line as shown in Figure
7. The panels were thus subjected to fully submerged,
alternately wet-dry and splash zone conditions. One group
was attached by peripheral welding using ENiICu-7 SMAW
electrodes reinforced by bonding to the hull with Boskik M-
890 epoxy. A second group was attached by peripheral
welding with no interior reinforcement. A third group used
peripheral welding reinforced with 3M XB-5354 elasto-
meric adhesive. The last group was attached with the
peripheral welds supported by an array of equally-spaced
slot welds across the face of each panel.

After two years in service in a wide spectrum of sea
service conditions including wammn Gulf waters, a number of
trips through the Panama Canal, and West Coast waters
from Southem California to Alaska, all panels were intact.
Allpanel and welds were tightly adhered to the hull and leak
free. There was evidence from magnagage readings that
the epoxy and elastomeric adhesives had debonded to
some extent during service. These forms of reinforcement,
therefore, received no further consideration. Several pan-
els had rather severe scratches and gouges from contact
with sides of the Canal, docks ortugs. Thickness measure-
ments before and after service indicated the corrosion ioss
to be less than 2.025 mm, corresponding to a maximum
corrosionrate of ‘ess than 0.0127 mmper year. Apparently,
the corrosion Iife of the panels is far in excess of the service
life of the vessel.

No evidence of biofouling was apparent on the copper-
nickel panels after the two years. The fact that the copper-
nickel remained antifouling implies it was also freely cor-
roding during this period, albeit at a very slow rate. There-
fore, the panels could not have been provided significant
cathodic protection by the surrounding steel hull and they
could not have contributed to corrosion of the steel hull,
even though the hull paint system immediately around the
panels, repaired after instailation, had tailed to some ex-
tent. The hull was host to fouling and after two years had a
great deal of algal “grass” several inches-long attached.

Sheathing/Cladding Damage and
Galvanic Corrosion of the Hull

The question of rapid and potentially disastrous corro-
sion of the steel hull plate in the event of damage to the
copper-nickel sheathing or cladding has been raised since
cladding and sheathing concepts were firstintroduced. The
mean, free corrosion potential of steel is anodic to that of
copper-nickel by about 300 mV. Drodten and Pircher at
Thyssen Steel AG in Germany carried out tests to evaluate
this problem by mounting copper-nickel ciad steel test
pieces inthe immersion zone of a test ng on Helgoland and
on the hull of a sea-going tug.”

The test pieces were mounted so as 1o be electrically
insulated from the steel test ng or tug boat hull. Holes and
slots were machined through the copper-nickel to expose
the steel to provide a variety of defect sizes and a range of

cathode-to-anode surface area ratios. Defect-free speci-
mens were 8xposed as well. These were found to be rust-
free and free of fouling after exposure. The tug boat was in
service at the mouth of the river Ems and, for a period in the
cold winter of 1986-87, was used also for ice breaking. The
test plates were assessed in a dry dock at intervals of a few
months. Individual test pieces were removed for laboratory
examination and new ones atached. Some o the test pieces
wers exposed over the entire Yest period of 16 months.

Test pieces with larger defects, such as the 5 mm x
100 mm siits, were found after a three month exposure to
have profuse rust and fouling. Because of the cathodic
polarization of the copper-nickel caused by exposure of the
steel at the siit, the fouling resistance of the copper-nickel
had, as expected, been lost. Cross-sectioning of the cor-
roded sit defect showed the steel 1o be undercut by

- cofTosion to about twice the width of the slit in the copper

nickel cladding.

After 4.5 months of service, the test pieces were found
not to have the heavy rust and fouling. Again, test pieces
were removed and sectioned through the cormoded defect
in the copper-nickel. Clear differences in the depth of
corrosion and in the undercutting, depending on the size of
the defect, were found. The 5-mm and 10-mm diameter
defects displayed corrosion depth of about 6-7 mm. At the
50-mm diameter defect, on the other hand, the corrosion
depth was onty 1.5-2 mm.

After a further period of eight months, the tug boat tests
were concluded and all test pieces examined in the labora-
tory. Cormosion depth and undercutting we re measured. On
the copper-nickel itsel, no thickness reduction caused by
corrosion, erosion or abrasion was evident after 18 months
of ship operation. The original surfaces with the shaliow
grooves from specimen Dreparation were practically un-
changed.

At Helgoland the tes: “ieces were subjected to one-
year of undisturbed exposure in the immersion zone with no
interim examinations. Upon removal, light bamacie fouling
was found on the surface. The surface at the larger defects
exhibited dense marine growth and was covered by dark
corrosion products.

The measured corrosion rates and anodic current
density values calculated from Faraday’s Law are plotted in
Figure 8 against the area ratios. The influence of area ratio
S¢/Sa is unmistakable. The comosion rate increases up to
a limiting value at about Sc/Sa=140. Corrosion rates are
higher for the tug boat test pieces in the winter, apparently
due to the higher oxygen level of the colder seawater. The
water in winter at the mouth of the Ems River contains 11-
13 ppm oxygen at about 0 C and onty about 5§ ppm when
water temperatures are 18-20 C in the summer. The
corrosion rates are in very nearly the same ratio as the
seasonal oxygen level, suggesting that the corrosion reac-
tion is con-trolled by the rate of the cathodic reduction of oxygen

reaction.
The authors conclude that the probability of the occur-

rence of through-the-hull damage is very small and only
likely in the case of a very small defect.



The comresponding situation involving defects in a
sheathed hull is somewhat different, as indicated in an
experiment on the corrosion of steel in the vicinity of a
defect in the sheathing of a steel piling®™. A small defect in
the copper-nicke! sheathing will aliow a thin layer of water
to ente- *he narrow space between the sheathing and the
steel hull bounded by the peripheral sheathing welds to the
steel. The S¢/Sa area ratio will be much smaller than the
apparent geometric ratio. Cormosion of the steel will pro-
ceed rapidly for a very short period until the oxygen is
consumed because the entrapped film of water has very
poor contact with the outside seawater. it would appear that
this situation is less threatening to the integrity of the hull
and will allow more than ample time to make a repair to the
sheathing.

Hull Roughness

A most important reason for using copper-nickel onthe
hull of a ship, either by cladding or sheathing, s to achieve
fuel economy by virtue of the reduced hull roughness
achieved with copper-nickel. The hull roughness is directly
related to the shaft horsepower required to overcome
simple hull friction; the rest of the power is expended in
wave making.

It has been estimated that a shipowner pays a penalty
equivalent to a one percent increase in power requirement
tor an increase of 10 um in hull roughness (in the range
0-230 um) and 0.5 percent for every 10 wmn beyond that®”,
Based on a British study of 400 ships, the average rough-
ness of a new hull is 125 um, the best attainable roughness
is 75 um, and the average yearly increase in roughness
ranges from 50 to 70 um. A conventional hull, therefore,
begins to lose efficiency from the day it is launched, while
a copper-nickel hull, if there is any change, contributes to
increased efficiency with time.

+ The roughness data enable calculation of probabie
ship performance if the entire wetted surface of the Arco
Texas had been sheathed with copper-nickel. At the end of
the test period, the mean roughness of the painted steel hull
was 250 um. The corresponding roughness of the copper-
nickel was only 53 um. The ditference, 197 um, represents
the improvement in operational efficiency attainable if the
entire hull is sheathed. Assuming the power penalty esti-
mate cited above is valid, full-wetted-surtace sheathing
with copper-nickel panels would resultin a 19.7% improve-
ment in efficiency. An independent study conducted by the
Webb Institute supports these findings.'?

Roughness measurements of the 12 panels of the Arco
Texas experiment showed that the copper-nickel is consid-
erably smoother at the outset than a painted steel hull, and
of considerable interest, the copper-nickel appeared to
become slightly smoother after the sea trials. Painted stesl,
of course, becomes progressively more rough in service.
Hull roughness data measured at the endof the Arco Texas
exposure are shown in Figure 9.

Copper-nickel sheet for sheathing, because it is cold
rolled, is somewhat smoother than the hot-rolled clad
maternial. Cold-rolled material typically has a mean rough-
ness of about 40 um, whereas the hot-rolled clad material
typically has a mean roughness of about 60-55 um. Deter-
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mination of the roughness of the copper-nicke! sheathing
on the rudder of the Great Land showed the roughness to
be consistently lower than 20 um. For comparison, the
roughness of the painted steel hull of the ship measured on
dry docking after 14 months averaged approximately 210 um.

SHEATHING METHODS AND COST ANALYSES
State-of-the Art Baseilne Method

To effectively analyze the potential operational and
maintenance savings !for a large shp associated with
having a corrosion and fouling resistant copper-nicks! hull,
it is necessary o have a sound estimate of the cost of
sheathing. This analysis was undertaken by the Newport
News Shipbuilding Company for the Copper Development
Association under a contract trom the U.S. Maritime Ad-
ministration (MARAD)."*"

A ship was first selected for analysis. To suit the
purpose of this study, it was determined that a vessel that
could be related to both ends of the spectrum of high-block,
siow speed ships to low-block, high speed ships would be
a desirable choice. For their analysis, Newporn News
Shipbuilding selected the fleet ciler T-AQ 187 class, T-A0
191 series ship as the baseline ship for the study. The block
coefficient, wetted surtace, and basic ship configuration
lend themselves well to comparison with varous other
vessel types to determine the approximate cost of sheath-
ing of other ships. The dimensions and pertinent character-
istics of the fleet oiler are shown in Figure 10. The maxi-
mum loadline of 38 ft. (11.6 m) above baseline was taken
as the line of demarcation for sheathing; i.e., the entire hull
below this line wouid be sheathed including the rudder and
sea chests. The sea chests however were not included in
the caiculations. This gives 83,042 2 (7,715 m?) of hull to
be sheathed.

The sheathing alloy was taken to be copper alloy
C70600. The sheet-size selection had to consider the
ability to handle and position the sizes commercially
available. For the initlal analysis, a sheathing sheet size ot
48 in x 144 in x 0.1 in {122 cm x 366 cm x 2.5 mm) was
chosen. Each sheet would weigh 223 bs (101 kg). The total
welding required was approximately 55,000 linear feet
(16,764m). Atotalof 1,731 fullsize sheets weighing 424,874
Ibs (193 tonnes) would be required. Allowing for cutting to
fit around the bow and stem, it was estimated that a total of
2,000 sheets would be necessary.

Based on the weld attachment studies manual SMAW
using AWS AS.11 class ENiCu welling electrodes were
initially considered. The horizontal plate spacings would be
/8 in (9.5 mm) and 5/8 in (15.9 mm) on the vertical joints.

An array of 1 in x 3/8 in (25 mm x 9.5 mm) siot weids
would be used to strengthen the plate attachment to
prevent panting of the sheathing. Section 6 of the American
Bureau of Shipping Rules for Building and Classing Ves-
sels was used to determine the hull girder bending stresses.
These analyses were conducted at the 1/4-, mid- and 3/4-
sections of the hull. The caiculated bending moments,
combined with section moduius at midship, provided the
magnitude of the stresses that act on the vessel about the
neutral axis. The frequency of siot welds is dependent on
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both the calculated stress and the strength of the copper-
nickel to steel weld. These calculations indicated that the
frequency of slots could be reduced the closer the sheets
were to the neutral axis. The results showed that on two-
thirds of the hull surface, the slot spacing shouid be 12 in
(305 mm), and on the remaining  e-third, the spacing
could be increased to 16 in (406 mm). This results in a total
of 26.468 slot welds on the ship, and, at least to a first
approximation, minimizes the number of siot weids re-
Quired.

Consulting representatives of various construction de-
partments at Newport News Shipbuilding established the
following construction sequence for sheathing:

1. Dock vessel

2. Blast and coat - shot/sand blasting and coating

with thin coat of rust preventative.

3. Erect Staging — complete seven-tier staging

would be required.

4. Grind Flush Existing Welds — estimated to be

17,000 linear feet (5,182 m).

5. Non-Destructive Test ot Existing Welds might
be necessary in some cases — cost not in-
cluded in this estimate.

6. Install Sheathing — mark off, remove coating,
tack weid.

7. Weid Sheathing — peripheral and siots.

8. Grind Flush Sheathing Welds - 27,000 linear
feet (8,230 m).

9. Remove Staging.

10. Fleet Vessael.

11. Non-destructive Test Sheathing — vacuum test.

12. Undock Vessel.

The time and personnel required for each operation
was established. As shown in Figure 11, a period of 21
weeks was considered realistic for sheathing. Costs were
then estimated for each of the steps above. Information on
man-hours to complete a task, length of time in dry dock,
unit of time per square foot of area, price for the sheathing
material and welding electrode, etc., was required. Results
broken down into percentages of total cost are shown in
Figure 12. Interms of a unit price, the cost was calculated
to be $56.54/.2 ($608.59/m?) (in 1986 dollars). If NDT of
the existing steel hull welds is required, this could add
$0.30 M.2 ($3.23/m?) of coverage area.

Improved Sheathing Method

It was recognized that invoking some innovative tech-
nology for critical portions of the state-of-the-an approach
used above had the potential for substantially lowering the
cost. The five major “cost drivers™: sheathing matenal.
25%: install sheathing, 22%; weld sheathing, 15%; staging,
11%: and dry docking, 9%, were analyzed for potential
improvements. Three other areas were examined and
chosen as secondary areas for improvement; the grinding
of existing hull and sheathing weids, and the preparation of the
steel hull.

First, the substitution of coiled copper nickel for indi-
vidual sheets would resutt in reduced material expense and
benefits in lay-off of the hull and placement of material on
the vessel. A 24-in-wide coil weighing 7,000 lbs, (3,176 kg)

would have a length of over 750 ft (229 m) and couid be
handlgdbyaspecialrigtosupponmecouandallowthe
material to be unwound against the hull during installation
(Figure 13). Such a rig shouid be designed so it couild be
attached to a typical 15-18 ton hydrauiic telescope crane
and o the motor-powered, low platform vehicles seen in
most shipyards. This equipment wouid minimize the re-
quirement for the detailed hull layout and tacilitate initial
placement of the sheathing on the ship. The reduced costs
of these items and the material would be partially ottset due
to the increased linear teet of welding (approximatety 20%)
because of the smaller width. Semiautomatic weiding ma-
chines could be used in conjunction with these rigs to tack-
weld the sheathing in place. Another significant area of
saving, inherent to the usae of coil sheathing material, is that
this allows most of the expensa for staging to be sliminated.
Mobile slevated platforms supposting the coils wouid also
aliow workers access to any area of the vessel and allow
work 10 progress without lag time for erection of staging.

Ongoing research on welding methods indicated the
Metal Inert Gas (MIG) Beam welding technique 10 be a
potentially viable method.™® The MIG Beam process is a
coil-fed, semiautomatic technique requiring only a 1/8-in
(3.2-mm) gap which can be filled in a single pass rather than
the three passes required for the wider gaps in the SMAW
pro-cess. The use of semiautomatic equipment and the
sairsr'g:e pass reduceas the man-hours of laborto complete the
t

Further investigation into the hull girder bending stress
of this vessel indicated areas of reduced stresses where
the requirements for attaching sheathing to the vessel
would be less stringent. As shown in Figure 14, approxi-
mately 30% of the coverage area required peripheral welds
only ¥ 24-in (0.81-m) wide sheathing was used. In the
midbody section of the vessel, 36-in (0.91-m) wide material
could be used. This region would require a series of siot
welds consisting of a 12-in (0.3-m) canter-to-center spac-
ing for about 80% of the coverage and 18-in (0.46-m)
spacing for the remaining 20%. This configuration reduces
the number of siots required from 48,468 to 34,878. The 1-
in x 3/8-in (25-mm x 9.5-mm) slots by manual SMAW would
again be usad.

Another possible area of improvement is to use spot
welds. A pulsed MIG spot welding technique developed,''?
has proven effective in all positions. A 3/16-in (4.8-mm)
diameter hole with an 82° taper is punched. Three spot
welds for each siot weld are required to carry the same load,
but the welds could be done semiautomatically. This would
aliminate all manual welding on the sheathing and allow for
afaster and more effective attachment process requiring a
minimum of highly skilled personnel.

Another area where costs can be reduced is in elimi-
nating the grinding of weids. The MIG Beam process does
not create large weid beads and would not pose any
significant degradation in hull performance. As for the steel
hull welds, the copper-nickel sheathing is sutficiently flex-
ible and would essentially conform to the shape of the hull.
Only large raised areas need be ground off.

Finally, costs could be saved in hull preparation. The
first cost estimate of this study invoived sand/shot blasting



the entire hull (below the 38-ft. wateriine) to white or near-
white metal and then applying a thin coating to prevent rust
prior to sheathing. Depending onthe age of the vessel and
the condition of the hull surface at the time of installing the
sheathing, onty those areas to be welded (butts, seams and
slots/spots) need to be cleaned white metal. Laying off
the hull, prior to placement of the copper-nickel sheathing
(to indicate the exact locations of the areas to be welded)
and then blasting only those areas, would faciltate the
process of installation.

Recent developments using the concept of high pres-
sure water as a medium for blasting clean a ship’s hull have
led to technology that allows specific areas to be cleaned.
This system operates by the use of a hand-held, self
recovery nozzle that can be limited to a coverage area of
only a few inches. Using this or a similar systemwould allow
the areas that are to be wekled to be cleaned just prior to
the sheathing installation and, therefore, would not require
any special treatment to prevent rust.

A revised schedule for sheathing the ship was aicu-
|ated based on the several improved methods noted above.
The total duration for sheathing the vessel is reduced with
the improvements to 17 weeks (Figure 15). A new cost
analysis incorporating these improvemerts was performed.
Costs for the various steps as a percentage of the total cost
are shown in Figure 16. The final cost estimates based on
the improved method was established first for a scenano
that incorporates the series of 1-in x 3/8-in (25-mm x 9.5-
mm) slot welds welded using the manual SMAW technique.

This leads to a unit sheathing cost of $35.28M*
($379.61/m?). If the slot weids are replaced by a senes of 3/
16-in (4.8-mm) diameter spot welds using the semiauto-
matic pulsed MIG technique, the unit cost is reduced to
$33.18/M? ($357.02/m?). A third scenario worth noting is for
sheathing during initial construction of the vessel, where
centain costs, including drydocking charged to sheathing
installation, are eliminated. In this case, the unit cost of
sheathing is calculated to be $25.40At ($273.30/m7). Al of
these unit costs are in 1986 dollars and are exclusive of NDT
of $0.30/42 ($3.23/rT¥).

The impact of the improved methods on the individual

operations of sheathing is illustrated in Figure 17. Large.

percentage savings result from the reduced requirements
for grinding steel hull welkds and sheathing attachment
welds. The cost of testing the sheathing in this new configu-
ration is the only operation that is more expensive.

Lite Cycle Performance Economics

The objective of these studies was to determine the
effect of the following three hull-coating systems on the
total economics of a sea-going vessel.

® Conventional copper-bearing anti-fouling paint
with primer and CP system.

m Organo-tin copolymer antifoulant (OCA) sys-
tem.

8 Copper-nickel sheathing.
Two scenarios for sheathing were considered:
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@ Having the benefit of sheathing for the full
service lile of the ship; i.e., sheathing dunng
construction.

B Sheathing as a retrofit afterten years of service.

The analysis presented here used the costs for the
sheathing described above to update an earlier economic
study performed in 1983.% In this study by the Webb
institute, a differemt ship, a C-4 cargo vessel was consid-
ered rather than the T-AO tanker. The C-4 cargo ship is
obsolete, but there exists a large body of operating data ftor
it. Analysis of the operation economics for this ship was
quite detailed and considered a comparison of a number of
tactors atfecting operating costs and revenues as influ-
enced by the choice of hulil protection method.

_ Thp cost of sheathing was adjusted for the smailler ship
taking into accourt the reduced installation time due to the
smallerwetted area, 46,370 1t?(4,313 m?). The 1983 doilars
were inflated to 1986 buying power and the cost of fuel oil
was taken as $18/barrel.

in the analysis of sheathing during new construction,
ife-cycle economics were based on a comparison of such
factors as: engine cost (specific engine-propeller combina-
tions were chosen on the basis of expected coating perfor-
mance), the cost ol the coating methods themsalves, fuel
consumgption, normal drydock costs during the 20-year
service life, and salvage revenue. Cargo revenue was heid
constant for all coating systems, a consequence of sizing
the engine-propeller combination for each coating method
to give the same speed in all cases. The coating's effective-
ness is reflected in the size of the engine (a capital cost
factor) and the resulting fuel consumgption rate.

In the case of the retrofit installation, the lifecycle
economic comparison among the three hull protection
methods was based on the cost of the coating method, the
cost of the extra surface preparation needed to apply the
coating at time of retrofit, time out of service, fuel consump-
tion (which would differ for the three methods after installa-
tion), drydocking costs during installation, normal drydocking
costs during the remaining service years after coating, the
cost of coating maintenance, and the added salvage value
for copper-nickel at the end of the ship's sarvice life. In
retrofitting, the engine size does not change, but fuel
consumption would be atfected by the coating performance
characteristics: i.e., speed. Cargo revenue is, therefore, a
tunction of coating type and is included in the analysis for
retroft coating/sheathing installation.

The results of the discounted cash flow economic
analyses are summarized in Tables 2and 3.

In the installation during new construction case,
$1,814,000 is saved as a result of the smaller engine
required for the copper-nickel sheathed ship. This partially
offsets the substantially higher cost for application of the
copper-nickel (even for the lowest cost scenario). But the
very large savings in fuel over the 20-year service life
results in attractive total savings.

Normal drydock costs arise because the American
Bureau of Shipping requires a biannual tailshaft inspection,
which requires drydocking. The copper-nickel sheathing



V-8
TABLE 2

Economic Comparison of Hull Protection Methods for Installation During Construction.

(All costs in thousands of 1986 dollars.)

Engine Coating Fuel Normal Salvage Total
Case Cost Cost Cosu D.D. Cost Vaiue Savings
Base
(Conv.) 9,200 102 20,263 715 - —
OCA 8,237 163 17,438 961 — 3,481
Cu-Ni
@8%56.54 7.359 2,622 14,841 440 19 5,037
Cu-Ni
@%35.28 7,359 1,636 14,841 440 19 6.014
Cu-Ni
@825.40 7,359 1,178 14,841 440 19 6.481

shouidonly require a hydroblast, f that, at these drydockings.
But, in the interest of being conservative, a small material
and application cost equal to two percent of the cost of the
sheathing the entire ship was added to allow for the
possibility of surface damage. The repair costs for the
organo-tin and conventional systems are higher.

Thus the application of copper-nickel hull sheathing at
the time of new construction will result in a net savings of
from $5,037.000 to $6,481,000, depending on the cost of
initial installation. For sheathing as a midlife retrofit afterten
years of service, the savings generated by sheathing and
the other coating systems are of course not as large.

The “base” case considered here was taken as a
complete cieaning of the steel hull to “white metar” followed
by application of a conventionai corrosion-resistant and
antifouling paint system costing $72,000. The sheathing
costs are calculated again, using the unit costs described
above. Out-of-service time for the retrofit for this vessei is
included as a cost at $14,000/day. Drydocking costs have
been broken out for those costs associated with the coating
process itself and also those normal drydocking costs
which the various coating systems will provoke in the last
ten years of service. The copper-nickel sheathing will
require only half the time in drydock required for either the
conventional paint or the OCA coating, resulting in an
383,000 lifetime savings in favor of the copper-nickel.
Likewise the labor required to maimain the coatings
("Recoating at D.D.°, Table 3) will be considered less
costly for the copper-nickel sheathing. Fuel savings in this
retrofit case accrue only over the last ten years of service
and are, therefore, not as large as in the new construction
case. But substantial extra cargo revenues willresult from
the smoother hull for the given engine-propeller combina-
tion due to higher-speed steaming and fewer days in
drydock for maintenance. inthe last ten years of operation,
the copper-nicke!l adds $210,000 to the vessal's revenue
compared with a conventional coating system.

Trademark of the |ntemational Nickel Co.

The net economic result of the copper-nickel applica-
tion as a retrofit, is listed in the right-most column of Table
3. Copper-nickel hull sheathing will save the vessel owner
between $343,000 and $1,562.00 compared with conven-
tional paint. An OCA system will result in a $976,000
saving. Reapplying conventional antifouling paintin an “as-
new” condition will actually result in a loss of $60,000 since
the cost is not fully offset by improved economy and greater
cargo throughput. Therefore, even in the case of a tenth-
year retrofit, t appears that copper-nickel sheathing can
provide higher rates of savings than either conventionai or
OCA systems, provided that the technological improve-
ments discussed earlier are exploited.

Ship Hull Sheathing - Conclusions

This section has attempted to review the history and
experience with copper-nickel ship hulls and to discuss the
technology as it pertains to the sheathing of large ships.
Experniments with sheathing of the rudder and placement of
copper-nickel paneis on the hulls of freighters and tankers
have provided basis for dismissing concems over the
velocity tolerance of alloy C70600. Galvanic corosion of
the steel hull has been shown to take place at a manage-
able rate with copper-nickel clad steel with defects expos-
ing the steel. It is suggested that sheathed hulls willbe even
less susceptible to cormosion of the steel hull in the event of
rupture of the sheath. Sheathing employing existing meth-
ods as well as easily adopted advanced approaches have
been described with the associated costs per unit area.
Finalty an economic comparison for three methods of hull
protection are compared in terms of initial capital cost and
savings in maintenance and fuel over the 20-year life of the
ship or over a 10-year life in the case of a retrofit sheathing
in mid-life of the ship. In both cases, copper-nickel sheath-
ing is shown to resultin considerable lite cycle costsavings.

Wae hope this review prompts a study of the potential for
copper-nickel sheathing of large ships by world shipbuild-
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Economic Comparison of Hull Protection Methods for instailation as Retrofit After Ten Years of Service. (Al
costs in thousands of 1986 dollars except extra cargo). Cu-Ni total inciludes $19,000 salvage bonus.

Case Retrofit Extra Time O/0

Coating Stce. Sve. For

Cost Prep. ' Coating
BASE 72 115 42 20,242
(Conv.)
OCA 133 115 42 20,212
Cu-Ni 2,157 115 1,214 18,394
@856.54
Cu-Ni 1,603 115 983 18,445
$35.28

Fuel Costing
Cost "rydock D.D.
Cost

Nomm. Recost Extra Total

at D.D. Cargo Savings
Cost > 10 Yr. Rev.

21 165 327 129,020 (60)
21 165 510 130,270 976
607 83 220 131,570 343
482 83 220 131,570 1,562

ers and leads to a major demonstration project to advance
the copper-nickel ship hull sheathing concept.

SHEATHING OF OFFSHORE STRUCTURES
introduction

Whereas sheathing of ship hulls for corrosion and
biofouling resistance is a concept awaiting a definitive
demonstration and test, sheathing of a variety of offshore
structures is a proven application for copper-nickel alloys
and the nickel-copper alloy Monel® alloy 400. This is
because offshore oil and gas drilling and production piat-
forms must maintain their structural integrity and resist the
effects of not only aggressive seawater but weather and
wave action as well.

2 With the stabilization of oil prices, the commercial
climate for field development has improved. Over 700
offshore fields are reportedly slated for development inthe
1990-1995 period. Some 188 of these fields involving 275
plattorms are in Asia."

A number of summary papers and reviews of the
sheathing of offshore structures have been published."*'®

This treatment summarizes the salient points with regardto.

the benefits of sheathing of large offshore structures, vis-a-
vis reduced structural cost due to elimination of fouling and
corrosion allowance due to splash zone corrosion, and
gives some insight into the economic benefits.

Both the fouling resistance and corrosion protection
aspects of copper-nickel sheathing are critical to protecting
offshore structures. The attachment and growth of marine
organisms can add considerable weight 10 a structure; but
more importantly, the increase in side loads on the struc-
ture due to currents, wind and waves Is a major design
consideration. Marine growth as large as 0.7 to 1.2 m has
been seen. Excessive marine growths extend frequently to
about 1 m above mean sea level to about 10 m below.
Lesser amounts of growth extend to lower levels. Very
large amounts of extra steel structure must be provided to
resist the resulting forces. Regular and expensive removal
of marine growth by divers using high pressure water is also

required. As will be discussed below, sheathing canreduce
these costs dramatically and provide overall savings to the
platform owner.

Corrosion and Protection of Steel Structures In Seawater

The intensity of corrosion of an unprotected steel
structure in seawater varies markedly with postion as
shown in Figure 18. The spray and splash zone above the
mean high tide level is the most severely attacked region
due to continuous contact with highly aerated seawater and
the erosive effect of spray and tidal action. Corrosion rates
as high as 0.9 mmvy at Cook Iniet, Alaska, and 1.4 mmvy in
the Gul of Mexico have been reported. Cathodic protection
in this area is ineffective because of lack of contact withthe
seawater and, thus, no current flow for much of the time.
Corrosion rates are often very high at a position just beiow
mean low tide in a region that is very anodic relative to the
tidal zone due to powerful differential aeration cells.

Protection of a steel structure can be etfected by
various means; each corrosion zone must be separately
considered. Three generally accepted methods are ca-
thodic protection, painting or coating, and sheathing. Sheath-
ing has proved to be a very successful approach when
applied in the region through the splasivspray zone to a
short distance below the tidal zone. Monel alloy 400 was
applied to thistask as early as 1949 on anofishore platform
in the Gulf of Mexico oft the Louisiana coast.®*" The
LaQue Center at Wrightsville Beach, North Carolina, USA,
conducted extensive trials of sheathing using the steel
piling supporting the seawater corrosion test wharfs at the
laboratory as test specimens. Sheathing or protective
materials tested included Monel, AIS| 304 stainiess steel,
70-30 copper-nickel, and nickel-clad and Monel-clad steel.
All of these were reported to be performing very well after
36 years of exposure.'" A large number of proprietary
coatings, induding gatvanizing and sprayed zinc and alu-
minum, were aiso tested; all proved to have finite effective
litetimes extending up to 13 years.'®

The 90-10 copper-nickel alloy was not included in
these early sheathing trials because its composition with
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regard to iron and manganese was not yet established.

In the early trials, the Monel and the 70-30 copper-
nickel alloy sheaths were welded directly to the steel. One
might assume that corrosion of the anodic steel below
mean low tide would be accelerated because it is in direct
contact with the much more noble sheathing material. A
number of experiments were conducted at the LaQue
Center to investigate this. Kirk has summarized these
well."® |t tumns out, that in the tidal zone, steel is by far the
most cathodic maternal, and the more noble sheathing
alloys result in lower currents and corrosion of submerged
steel than no sheathing at all.

This conclusion is illustrated nicely in the results of
galvanic corrosion tests conductedto determine the eftects
on submerged steel coupled to other alloys in the tidal zone
as shown in Flgure 19. Plates of the alloys placed in the
tidal zone are coupled to submerged steel plates, and the
total current per tide was measured periodically over the
14-months of exposure. Current decreased with time, but
the results demonstrated clearty that the most severe
galvanic couple is steel to steel. This is because even
though the potential difference developed in the noble
alloy-to-steel couples is significantly greater than between
two steel panels, the more rapid and more nearly complete
polarization of the noble metals results in a great reduction
in gatvanic current. More recently, the Intemational Copper
Research Association conducted several research pro-
grams clarifying and elaborating on these eartier find-
ings. @2 In summary, steel under water corrodes less
when in contact with noble metals in the tidal zone than
when coupled to another panel of steel in the tidal zone.

Fouling Protection

As discussed elsewhere in this series, the $0-10 cop-
per-nickel alloy provides the best combination of corrosion
resistance and biofouling protection. Attachment of this
sheathing material to the steel structure by welding or
mechanical fasteners will result in cathodic polarization of
the sheath material and a reduction in the antifouling
capability of the 90-10 copper-nickel alloy. Therefore i is
necessary to electrically insulate the sheath from the steel
jacket members to get full advantage of the properties of
the alloy. Insulation can be achieved by pumping cement or
an epoxy into the annular space between the component
and the sheath or, more simply, by use of an elastomer or
rubber-base insulator. The copper-nickeican be inthe form
of sheet, wire grid, particles™ or flame-spray. Bonding of
the steel-elastomer-copper-nickel interfaces can be by
vulcanizing, by the use of epoxy adhesives, by mechanical
means or a combination of methods. Estimated costs in
1986 ranged from $18 to $30/ft? ($194 to $322/m¥).""

Long term sheathed piling exposures to assess the
effectiveness of corrosion and biofouling protection and
measure the cathodic protection current required for sev-
eral situations have been sponsored by the Intemational
Copper Association and the Copper Development Asso-
ciation Inc. at the LaQue Center for Cormesion Technology,
Wrightsville Beach, North Carolina.® Over 50 ASTM Type
A-36 piling 17-cmin diameter were sheathed with 4.6-mm
thick x 3-m long C70600. Some sheaths were directly
welded to the steel, others were insulated from the steel

TABLE 4
Blofouling Mass on LaQue Test Pilings After Five Years
Plling kg/m2  Percent
Bare Steel 12 79 100.0
Concrete Insulated 0.36 1.9 Only scattered
bamacie sheils
Directly Welded 7.95 443
Rubber Insulated 0.26 1.4 Only scattered
bamadie shells

Rubber Insulated
w/Galivanic Gouple
(single point contact) 4.59 255

Biofoullr_\g organisms observed - bamacies. oysters,
codium,tunicate, colonial tunicate, encrusting and
tilamentious bryozoans.

with concrete or with 6 mm of a butyl rubber compound.
Some piling were cathodically protected with Galvalum il
anodes while others remained unprotected. Piling were
removed after two year and flve-year exposures for study
of corrosion of the steel and the fouling.

The results of biofouling accumulation on these pilings
are summarized in Table 4. The mass accumuiated onthe
bare steel piling was more than twice that on the directly
weided C70600 and more than 50times that attachedto the
insuiated sheathing. Only a few scattered bamacles were
seen on the unprotected copper-nickel sheaths after five
years. :

The galvanic anodes used on the cathodically pro-
tected piling were cleaned and weighed; mass loss and
consumgption rates are given in Table 5. In the two-year
exposures, the directty welded piling displayed a lower
anode consumption rate than the bare steel; the concrete
insulated consumgtion rates was comparabie to thatofthe
bare steel. After five years of exposure, both the directly
welded and the concrete insulated piling displayed reduced
consumption rates. The reduction in anode consumption
for the directly welded piling is considered to be due to the

TABLE S

Galvalum [l Anode Consumption and Rates on LaQue
Test Pllings After Five Years (Combined Anode Weights®)

Weight Consumption
Plling Type Loss (g) Rate (kg/yn)

TWO YEAR REMOVALS

Bare Steel 716.4 0.38

Concrete insulated 755.3 0.38

Directly Welded 414.1 0.21
FIVE YEAR REMOVALS

Bare Steel 1880.6 0.38

Concrete Insuiated 1256.8 0.25

Directly Welded 687.8 0.14

* Two anodes per piling



favorable polarization characteristics of the C70600 cop-
per-nickel alloy. The reduced anode consumption rate for
the concrete insulated piling is most likely due to the high
resistance path through the concrete to the undertying
steel.

The overall reduction in anode consumption rates for
both sheathing techniques could be due to the reduction in
current required to maintain a calcareous filmformedonthe
C70600 copper-nickel alloy.

It was also observed that even in the directly weided
sheathing technique where piling were exposed without
cathodic protection for five years, there was no grossly
accelerated attack of the steel immediately above or below
the sheath. The average corrosion rates in the steel adja-
cent to the sheathing below the mean low tide point did not
exceed 0.25 mmvy, no higher than the rate in the freely
corroding, unsheathed steel control pilings. Of course,
exposure of any steel piling without cathodic protection is
not recommended.

A proprietary system called "Bio-Shield™ developed by
the Shell Development Company, has met with consider-
able success on offshore installations off the coast of
California.?” Biofouling can be quite severe along the
Southern California coastline. Bioshield consists of 1-1/2
mm thick 90-10 copper-nickel and a high density elastomer
with the trade name Splashtron made by the Mark Tool
Company of Lafayette, Louisiana. After a laboratory test
program, this system was applied to the design of the 214-
mwater depth Eureka platformwith 60 well conductors (0.6
m OD). A total of 152 tonnes of structural steel, otherwise
required to handle the loading from the marine growth, was
eliminated. The platform was installed in July 1984. After
several years, the copper-nickel surface of the Bioshield
was free of fouling while the unprotected areas were
coveredwith an 8 - 13cmthick layer of bamacle and mussel
growth. Platform responses were reduced: wave forces, -
6%: base shear -10%; overturning moment, -10%; deck
deflection, -10%; and pile load, -7%. The reduced platform
response values are the reasons that prevention of marine
growth can clearly reduce platform costs. Money was
saved in reduced steel for corrosion allowance and im-
proved fatigue characteristics in the major platform joints.
Estimated savings realized from installing the sheathing
system on the 60 conductors from +1.5 m mean low water
line 10 -4.9 m for the 214 m structure were as follows in
(1983-84):

Conductors - 55 tons x $1,000fton = § 55,000 -
32,000 .

Paint — 10,600 t* x $3At? =

Anodes - $1,250 each x 4 - 5.000
Structural Nodes -

114 tons x $2,50010n = 285000

Total = $377,000

Estimated savings of $50,000 to $100,000 per clean-
ing was also to be realized. Installed costs for this system
on the Eureka platform were reported to be $250,000 or
about $31.60/t? ($340/m?). Clearly, this installation of a
copper-nickel sheath systemis this example was very cost
effective.
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Exxon Economic Analysis

The Exxon Production and Research Company carried
out a generalized economic evakuation® for INCRA by
means of a computer aided design study of a conventional
steel structure as depicted in Figure 20. Only insulated
copper-nickel alloy she 2:hing systems were considered as
these gave the tull economic benefits resulting from pre-
vention of both marine fouling and comosion. Design mod-
els were worked outfor a range of stuations, covering three
ditferent water depths, environr 2ntal conditions (wind,
wave and current) ranging from mid to severe, and marine
growth ranging from light to heavy. Inall, 29 scenarios were
considered. Potential cost savings were caiculated based
on the savings in weight of installed steel. The cost of the
sheathing and its installation were not included in the
anarl'ysis because of their variability with means of attach-
ment.

The results of caiculations of gross savings on the
costs of materials, tabrication and installation for offshore
structures deployed under each of the scenanos consid-
ered are summarized in Figure 21. Inthe mild environment,
total weight savings ranged from 9 tonnes up to 174 tonnes
for the various cases, with cost savings up 10 a8 maximum
of 5% of the total structure cost. In the moderate environ-
ment, weight savings ranged from 80 to 404 tonnes and
cost savings from 1.8% to 5.9% of total cost. The core-
sponding figures for the severe environment were 732 to
2,372 tonnes weight saving and 2.9% 10 9.3% cost savings.

There were additional savings from reduced cleaning,
maintenance and repair costs, which were not included in
the Exxon study.

British Gas Experience, Morecambe Bay, UK

The structures deployed in Phase One of the
Morecambe Bay gas field project were sheathed with 90-10
copper-nickel alloy by welding 4-mm thick plate directly to
the steel legs over the tidal and splash zones from 2 m
below low tide level to 13 m above. A production platform,
an accommodation platform, three drill platforms and a
flare stack have been so treated. The main purpose of the
sheathing was to provide cormosion protection in the splash
zone. The submerged portion of the structure is protected
by zinc anodes attached directly o the steel. An economic
assessmem®™ Indicated that the 30-10 copper-nickel alloy
sheathing was more cost effective than either the Monel
400 alloy sheathing or conventional systems using non-
metallic coatings with increased steel thickness previously
used on Brtish Gas structures.

The certifying authorities required sacrificial steel (12
mm thickness) In this highly comosive area when a paint
system of neoprene wrap is specifled. Sacrificial steel Is not
required with a copper-nickel (or Monel) metal wrap sys-
tem. The economic justification was based on a platformife
of 15 years. All maintenance costs were discounted to net
present value at 10%. Costs were summarized as follows:
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System Costs, Mlillon Pounds Sterling

Protective Coating/Sheathing
90-10
Paint Neoprene Monel Cu-NI
Initial Cost -
Extra Steel 23 23 -
Protective Material
& Labor 0.1 0.3 22 0.95
Maintenance Cost  2.4%  unknown® 0.15@¢ 0.159
Extra Weight 660 660 180 180
(tonnes)

(a) Repainting eight years after installation and
every five years thereafter

(b) No long-time experience; no large scale re-
pairs assumed in less than 18 years

(c) Minimum maintenance, confined mainly to
accident repair

After over two years in service it appears that the
copper-nickel alloy sheathing onthe Morecambe Bay struc-
tures is free of significant corrosion and, despite the fact
that the sheathing was attached directly to the stesl, there
is less marine fouling than wouid have been expected if
there had been no sheathing.

The application described shows a 90-10 copper-
nickel sheathing system to have a net cost savings of from
52 to 77% compared to other systems evaiuated.

Summary

Test programs on sheathing of offshore piling have
shown the steel underlying the sheathing is virtually com-
pletély protected. Biofouling of.insulated 30-10 copper-
nicket sheathing greatly reduces the potential for structure
loading due to increased weight and cross sectional area in
turbulent waters. An appreciable decrease in the initial
cathodic protection current required by the sheathed piling
as compared to the bare steel piling has been observed.

Sheathing of support members and conductors of
large otfshore platforms has been commercially applied. A
number of large installations have performed as expected
with documented cost savings comparedto the unsheathed
design.
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Figure 1 The Shrimp Trawler, Copper Marnner
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Figure 2 Marine Fouling on the Steel Hull Boat,
Jinctega, Prior to its Third Cleaning After 18
Months of Total Service.

Figure 3 The Copper MannerHul is Free of Foulng.
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Figure 4 Rudder of the Great Land Sheathed in Copper-
Nickel.
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Figure 5 Mean Comosion Loss Rate vs. Time for the
Copper-Nickel Sheath of the Great Land.
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Figure 6 Schematic of Method for Insulating and Attaching Copper-Nickel Panets to the Hull of the Great Land.

Figure 7 Location of Copper-Nickel Paneis on the Arco Texas.
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JOINING COPPER-NICKEL ALLOYS

RICHARD E. AVERY, Consuttant to Nickel Development Institute

Copper-nickel alloys find many applications in manne,
power, electrical and chemical industries. Typical hardware
fabricated by welding are condensar and heat exchanger
components, seawater piping, distillation apparatus and,
demonstrating the excellent antifouling qualities of Alloy
UNS C70600. the hull of an ocean going commercial
fishing vessel, the Copper Mariner. Figures 2 and 3. page
V - 13, show a comparison of fouling on a copper-nickel
hull versus a steel hull. The composition of common
copper-nickel ailoys and filler metais is shown in Table 1.

Most alloys of copper-nickel are solid solutions as
shown in Figure 1. They may be work-hardened to tensile
strengths above the 60 Ksi (410 MPa) level. Typical
annealed properties are of 15-20 Ksi (100-140 MPa) yeld
strength and 40-50 Ksi (275-350 Mpa) tensile strength.
Alloy C71800 has alloying additions which enables it to be
heat treated to a tensile strength of 80 Ksi (S50 MPa) and
above. The copper-nickels may be used in the work
hardened condition as they are highly resistant to stress
corrosion.

While copper and nickel are mutually soluble with each
cther as shown in Figure 1, a number of other elements are
not soluble in the copper-nickel ailoy and f present may
cause cracking in the heat affected zone (HAZ) or weid
metal. Lead, sulfur and phosphorus are particularly
detnmental and may cause intergranular hot cracking in
highly restraint joints " i is essential that the surfaces be
clean and free of these contaminating elements before
heating to a high temperature such as in annealing or
welding.

Common sources of the contaminating elements sulfur
and phosphorus are marking crayons, pants, temperature
indication markers, cutting fluds, oil and grease. OQil- or
grease-base contaminants must be removed by solvent
cleaning. Acceptable methods include immersion in,
swabbing with or spraying with alkaline, emuision, solvent
or detergent cieaners or a combination of these; by vapor
degreasing; by steam, with or without a cleaner; or by high-
pressure water jetling.

Table 1. COMPOSITION OF COPPER-NICKELS
Composition, % maximum unless shown as a range of minimum
UNS Previous Other

Alloy No. Trade Names Cu NI Pb Fe Zn Mn Named Elerments
C70400 Copper-Nicksl, 5% Rem 48-62 a5 13-.17 10 38
C70600 Copper-Nicksl, 10% Rem. | 90-110 o ] 10-18 10 10
C71000 Copper-Nickei, 20% Rem. | 190-230 o5 10 10 10
C71500 Copper-Nickel, 0% Rem. | 290-330 s 1 4.7 10 10
C72500 Copper-Nickel, Tin Rem. | 85-105 s 8 5 2 1.8-28 8n
ERCuNI (a) (C71580) Rem 20-x0 xR 4. 75 (c) 10 58, @P, 2-5Ti
ECUuNI (b) (We0718) Rem. 2X0-X0 074 4. 7S (e) 10- 25 5Si. @P 5T
(a) ANS/AWS 5784  (b) ANSI/AWS A5 6-84  (c) Total of lesd. 2nc, tn and ai other siemerts not named shall nat exceed 0 S0%
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A typical procedure to remove oil or grease pror to
welding includes:

® remove excess contaminaton by wiping with
clean cloth:

s swab the weld area (at least 2 in. (5 cm) sach
side of the weld) with an organic solvent such as
aliphatic petroleurns, chionnated hydrocarbons or
biends of the two. Use only clean solvents
(uncontaminated with acid, aikali, oil or other
foreign material) and clean cloths;

s remove all solvent by wiping with clean, dry cloth;

s check to assure complete cleaning. A residue on
the drying cioth can indicate incomplete cleaning.

All the commonly used welding processes are
applicable to the copper-nickel alloys. A nominal 70-30
copper-nickel filler metal with titanium as a deoxidizer is
almost invariably used to weld all of the copper-nickel
alloys. A 90-10 copper-nickel bare filler metal and a
covered electrode is available in Europe and
occasiaonally used, but the bare wire is generally limited
to gas tungsten arc welding (GTAW) gages up to 0.125-
in. (3-mm) thick. Welds made with 90-10 copper-nickel
fillers should be fimited to non-wetting surfaces since the
weld may be anodic to the base metal. Guides for the
various welding processes follow.

SHIELDED METAL ARC WELDING

For shielded metal arc weiding (SMAW), the flux
covered electrode ECuNi is used with direct current
elegtrode positive (reverse polarity). If the arc length is
kept short, the weld pool can be controlled in all positions

with a 3/32- or 1/8+n. (2.4- or 3.2-mm) diameter eiec-
trodes. Long arc lengths should be avoided because of
the tendency to cause weild metal porosty. The
electrodes should be operated within the manufacturer's
recommended current ranges. Excessive amperages
will resutt in weid spatter a=~ undercut at the edge of the
weld, especially when the base metal meiting point is
significantty below that of the filler.

Weld defects are more likely to occur at arc starts
and stops. |n starting the arc, the proper technique s to
strike the arc at some point in the joint so that the metal
i3 remefted. In completing a pass. the arc should not be
abruptly extinguished leaving a large weld crater One
acceptable technique is to hold the arc over the weid
pool for a few moments and then move quickly back,
lifting the arc from the completed weld.

An open root gap and wide groove angle improves
penetration and assures good fusion. Tack welds at least
every six inches are needed to maintain the opening.

A sguare-groove preparation for piate up to 1/4 in.
(8.4 mm) has been used for flat position welding as
shown in Table 2. The more common practice is to limit
the square-groove to 1/8 in. (32 mm) with a root opening
at least half the sheet thickness. For out-of-position
welding, beveled grooves are required. The procedures
presented in Table 2 were used for joining 1/4-in. hull
plates of Alloy C70600 by the SMAW process. The
current settings shown may be useful as a guide in
establishing parameters for other jobs. The proper
setting will also depend on the nature of the duty cycle
and power source.

Both stringer and weaving techniques are successful
with copper-nickel alloys. However, weaving is usually

Table 2. PROCEDURES FOR JOINING 1/4-INCH THICK HULL PLATES OF
ALLOY C70600 BY THE SHIELDED METAL-ARC PROCESS (a)

POSITION downhand verucal{b) horizonted 12nd pass) verticel (b}
80 90° /\q 80 90°
Preparstiontc] 1 BN } <Y %0 o= 24" \< : . 1T ,(D
> \(] A A
2
Gap, in. 178 3/32-1/8 116178 /32118 i
Nu rmvber
of Peasss 2 2 2 2 10r21d)
Filler Size, in. 1/8 3132 3/32 {1 pess) 1/8 (1m pess) R
1/8 (2nd pem) /32 (2nd pess)
Current, ampe 115120 88-90 100 (15t pom) 100-118 (13t pem) 88
100 (2nd pess) 98-100 (2nd pess)

gownhand {19t pems)

(a) ECuNI electroce
(b) Weldlng uphill

(c) Backgouge © a wide V between passas. Tack weid every six inches 1o hold gap.
(d) Where accessibility permitied, one pass was made on each side.




necessary for vertical uphill and overhead postion
weiding. Weaving should be limited to no more than
three times the core wire diameter.

Between passes, surfaces should be cleaned of flux
by chipping and/or gnnding. When backgouging in
preparation for welding from the opposite side, it is
essental to gouge to sound metal and to prepare a wde
(80° to 90°) V-groove.

GAS METAL ARC WELDING

Copper-nickel alloys are welded with the GMAW
process using deoxidized filler metal and direct current
reverse polarity. Argon or mixtures of argon and helium
at flow rates of 25-50 f*/h (0.75-1.5 m’/h) are usually
used. Spray transfer is generally used for 1/4-in. (6.4-
mm) thick and heavier sections, but the process s limited
to the flat position. For weiding sheet and piate from one
side, grooved copper or copper-nickel backing bars are
preferred.

Representative parameters used in joining copper-
nickel alloys by GMAW spray arc are shown in Table 3.
Currents on the high side of the range are favored for the
higher conductivity, lower nickel content alloys. Stringer
beads and thin layers to minimize heat input are usually
beneficial.

The ERCuNi filler composition provides weids
equivaient in strength to C71500 base metal and greater
in strength than C70600. ERCuNi contains 0.20% to
0.50% Ti, which serves as a deoxidizer to prevent
porosity and oxygen embrntiement.

-~ Short circuit (GMAW-S) Is a relatively low heatinput
process using 0.035-0r0.045-in. (0.8- or 1.2-mmdiameter
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filler metal and is well suited to weid gages under 1/4 in.
(6.4 mm). Argon shieiding may be used, but argon-heiium
moxture gives better wetting and better bead contour. The
low heat input allows welding in all posiions.

Pulsed arc (wMAW-P) incorporates many
advantages of both spray arc and short circuit transfer
and is well suited for weiding C70600 and C71500 alloys.
The electrode diameter is usually 0.045 in. (1.2 mm) and
an argon-helium mibdure shieiding gas gives good wetting
and arc action. GMAW-P is adaptable to weiding in all
posdtions. ‘A more recent advancement in pulsed welding
IS synergic or variable pulsed welding. With synergic
welding, the welder has fewer welding vanables to set
and there is an improvement in weld quality.

One observation often made when first GMA welding
with ERCuNi filler metal is that the wire temper is
noticeably lower than that of iron- or nickel-base fillers.
Copper-nickel alloys do not work harden to nearly the
same degree so the temper is usuaily lower. To
minimze wire feeding difficulties, low friction cable liners
should be used.

GAS TUNGSTEN ARC WELDING

The GTAW process is the preferred process for
welding thin gage matenal, 1/16 in. (1.6 mm) and less,
but can be a good choice for gages up to about 1/8 in.
(3.2 mm). The all-position operability characteristic
makes it an excellent process for pipe welding,
particularly for small diameter pipe and the root pass of
all pipe diameters. After a GTAW root pass in heavier
pipe, the weld is often completed by GMAW or SMAW.
Automatic GTAW equipment is available for applications
such as tube to tube sheet weids, orbital pipe welding
and joining sheet gages.

TABLE 3. REPRESENTATIVE GAS METAL-ARC WELDING PROPERTIES
1/18 in. ECuN:i filler, direct current, reverse polarity
Thickness, Edge Preparation Gap, Voitage, voits Current, Wire Feed, Argon Flow, cth
in. in. amps In. per min.
1”8 square butt 0 2-28 270 -X0 180 - 200 20-20
1/4 square butt or 116-18 2-238 270 - X0 180 - 20 20-2
single V-8&0°
38 single V-80° o 2-8 00 - 360 200-240 20-20
1 single or double V-80°, 0 -8 30 - 40 220-240 -0
1/16 in. face
ya double V-80°, o] 24.28 350 - 40 220-240 0-0
1116 -1/8 in face
1 couble U, o] 26-28 330 -0 20-240 -0
1/16 -1/8 1n. face
>1 double U. 0 26-28 370 - 40 240-260 -0
1/16-18in face
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Copper-nickel welds made without the addition of the
deoxidized filler metal very often have excessive porosty
that is not apparent on the weld surface. For this reason
autogenous GTA welds should be avoided. Other good
welding practices to avoid porostty include a short arc,
about 0.03 in. (0.8 mm) and ampie weld metal shielding
to exclude air from the molten weld metal. Argon ts the
usual shielding gas and preferred for purging the inside
of pipes during root pass welding.

Representative parameters for GTAW copper-nickels
are shown in Table 4. As with the other arc weiding
processes, the high conductivity, lower nickel alloys
require currents on the high end of the range. Where
possible, copper or copper-nickel backing bars are
favored.

RESISTANCE WELDING

Copper-nickel alloys with 10% or more nickel content
have good to excellent spot and seam welding
characteristics due to their low thermal and electrical
conductivity compared to copper. Precautions must be
taken to assure that surfaces to be resistance welded
are clean and free from contaminants.

BRAZING

Copper-nickel alloys are most often brazed with
silver-base brazing alloys. Fillers of AWS AS.8
Classifications BAg-1a, BAg-1, BAg-2, BAg-18 and BAg-
5 are ordinarily used. Alloys BCuP-5 and BCuP-3 are
acceptable for use with copper-nickels of 10% or less
nickel. The corresponding UNS numbers are shown in
Table 5a. They should not be used for alloys with high
nicRel content due to the possibility that embrittling nickel
phosphides will be formed. Copper-phosphorus brazing
alloys should not be selected for service in sulfurous
atmospheres.

Fluxes of the AWS types FB3-A, C, E are satisfactory
for most applications. For furnace brazing, inert gases,
exogas, endogas or disassociated ammonia are surtable.
The dew point should not exceed 20 F (-7 C). For torch
brazing, a neutral flame is used. Brazing clearances of

0.001 in. to 0.005 in. (0.03 mm to 0.13 mm) produces
maximum joint stength and soundness.

Molten braze alloys may penetrate and crack copper-
nickel alloys that are not stress relieved prior to brazing.
Also surfaces should be mechanically or chemic- "y
cleaned before brazing. Emery paper is usually
satisfactory on pipe and tube. Solvents or alkaline
cleaners should be used to remove grease and oil. An
effective procedure for prckling to remove oxdes is as
follows: dip in 5% sulfuric acid at 180 F to 200 F (82 C to
93 C) and rinse immediatety.

After brazing, any fiux residues should be removed by
washing with hot water. Oxides may be removed with the
same pickding solution used for cleaning prior to brazng.

SOLDERING

Preparation for soldering is the same as for brazing.
Copper-nickel alloys have good solderability when an
active chiorde type flx is used. it may be of the mildty
corrosive glutamic acid-hydrochionde type or stronger
mixtures of Zinc, sodium and ammonium chiondes.
Lead-tin and tin-antimony solders are used for copper-
nickel alloys. Copper-nickel alloys are classed as
somewhat less soiderable than brasses.

DISSIMILAR METAL
OVERLAYING

JOINING AND WELD

Suggested filler metal for joining copper-nickel alloys
to some of the commonly combined’ other alloys is
shown in Table 5. The listing is not intended to be
exciusive in that weiding procedures could be developed
using filler metals not listed.

The 70-30 copper-nickel welds have a limited
tolerance for dilution by iron. Welds with more than
about 10% iron tend to have excessive fissures and
develop hot cracks. The ENICu-7 and ERNiCu-7 fillers
(65Ni-Cu) have a higher tolerance for iron and are used
in joining to carbon steels. However, they are not a good
choice in welding to stainless steels because of limited
tolerance for dilution by chromium.

TABLE 4. REPRESENTATIVE GAS TUNGSTEN-ARC WELDING PARAMETERS
ERCuNi filler, direct current, straight polarity
Thickness. in. Electrode Size, in. Filler Wire, in. Current, amps Argon Flow, cth

118 178 1116 100 - 140 15.20

1/8 1/8 1/8 140 - 200 15.20

1i4 18 178 - 318 180 - 260 20-30

38 1/8 - 316 1/8 - 318 260 - 320 20-30

172 16 1/8 - 318 320 - 400 20-30




Often a very useful step in making copper-nickel
dissimilar metal welds s to overiay or butter the other
metal with nickel. nickel-copper or any other appropnate
filler shown in Table 5. In applying copper-nickel
overlays on steel, the usual practice is to apply a first
layer with ERNi-1 or ERNiCu-7 and then ERCuNi for
subsequent layers. Although a high alloy bamer layer is
standard. it is possible to apply ERCuNI by GMAW
directly on carbon steel with carefuily controlled welding
procedures designed to achieve relatively fow iron
dilution on the first layer.

The submerged arc welding (SAW) process s ideally
suited for overlaying large surface areas. Commercial
submerged arc fluxes are available for all the nickel,
nickel-copper and copper-nickel filler metats.” In
overiaying carbon steel, the first layer is applied using
either an ERNi-1 or ERNICu-7 filler metal followed by
subsequent layers of ERCuNi to reach the needed
thickness or composition.

Brazing with BAg-1a, BAg-1 and BAg-2 is suitable for
joining copper-nickel to any other copper alloy.

CUTTING

Copper-nickel alloys are not amenable to flame
cutting, but plasma arc cutting and carbon arc cutting
work well. Band saws and shears may be used for
cutting, but allowances must be made for the fact that
the alloys are relatively soft and ductile. High-speed
abrasive wheels work well for beveling edges and
trimming matenal.
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WELDING COPPER-NICKEL CLAD STEEL PLATES

The use of copper-nickel clad steel plates offers
considerable materal savings in many designs and
applications. An exampie is the 78-foot (25-m) fishing
trawler, Copper Mariner I, wath the hull constn' " d of
5/16-in. (8-mm), 25% C70800 clad. An extensive
welding development program was undertaken priof to
construction.'

For best corrosion performance, the weid face of the
altoy side weids should not exceed 10% iron and
preferably be below 6% iron. To reach this iron level. at
least two weld passes are needed on the alloy side. The
alloy side weld filler metals suggested are:

®» ENi-1, ERN1, ENICu-7 or ERNiCu-7for the first
or barrier pass from the alloy side on to the
backing steel; and,

a ECuN or ERCuNi filler metal for the top or cover
pass(es) on the alloy side. ECuNi and ERCuNi
are iess noble than ENICu-7 or ERNICu-7 and
are more compstible gaivanically with the
copper-nickel base metal.

A wide range of weld joint designs and weld pass
sequences have been used for cliad steel weiding.
Factors that influence the choice include; total plate
thickness, alloy thickness, weiding process employed,
accessibilty to one or both sides, composition constraints
of the cover pass to name the more important. Two
commonly used weld joints and procedures are shown

| TABLE 5a. BRAZING FILLER METAL UNS NUMBERS

AWS AS.3 Classification BAg-1a BAg-1 BAg-2 BAg-S BAg-18 BCuP-3 | BCuP-5
UNS Number PO75S00 P07450 P07350 PQ7453 PO7600 C55281 | CS55284
TABLE 5. - FILLER METALS FOR DISSIMILAR METAL WELDS
Weiding of Copper-Nickel Alloys

Metal to be joined SMAW GMAW and GTAW
to Copper-Nickel (UNS) (UNS) Commants

ANSW/AWS AS.8 ANSVAWS 8.7
Copper ECUNi (WB0715) or ECUAIA2 (WE0814) | ERCUN! (C81800) or ERCUARA2 (C£1800) | Prehest to 1000 F (540 C)
Phospor bronzes | ECuSn-A (WE0518) ERCuUSN-A (C51800)
All bronzes ECuALA2 (W60814) ERCUALA2 (C71580)

ANSUVAWS AS.11 ANSUVAWS AS.14
Carbon steel ENICu-7 (W84190) ERNICU-7 (NO4060) Steel s:de may be overtayed

first with ERNi-1 o ERNiCu-7

Austinetic EN1 (WB2141) o ENICrFe-2 (WB6133) | ERNE-1 (NO2161) or ERNICr-3 (NOGO82) Stainiess side may be
stainiess steeis overlayed first with ERNi-!
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in Figures 2 and 3. Two basic principles that must be
observed in welding copper-nickel clad stee! plate are:

s never let the carbon steel weid penetrate the
alloy cladding or alloy weid. Steei weids with
copper pickup are susceptible to hot cracking.
And,

e do not weld with ECuNi or ERCuNi on to steel or
exceed about 10% iron in the weid. Welds with
higher iron content are susceptible to hot

cracking.
SHEET LINING

An attemate to the use of solid copper-nickel alloy or
clad steel is applying relatively thin sheets to a carbon
steel backing. C70600 has been sheet lined to steel for
such applications as ship hulls, rudders, condenser water
boxes and sections of off-shore platforms. The
geometry of the surface to be covered and liner
thickness dictates to a large extent the lining method.

Figure 3. page V-6, shows a carbon steel water box
lined with 0.048-in. (1.2-mm)- thick C70800 copper-
nickel. The liner was first fabricated by GTAW to close
tolerances to fit into the carbon steel shell.”” The liner
was anchored to the steel by a number of arc spot weids
made by the GMAW process. Arc spot weiding is not
new and is used to apply other iron- and nickel-base
alloys to carbon steel. Basically a standard GMAW torch
is adapted with a "stand-off” attachment that is used to
press against the liner and to establish the contact tip
distance.® With preset power source and wire feed
parameters, the weld is completed in about one second
witht additional shieiding gas flow time to protect the weid.

Other arc spot weid features and controts include:

» The process can be used on sheet thicknesses of
0.024 in. to 0.078 in. (0.6 mm to 2.0 mm), with
0.048 in. (1.2 mm) being preferred.

= Flat position with intimate contact between sheet
and steel backing produces the most
reproducible results. With a gap up to the sheet
thickness between the sheet and the backing,
there is some "flash” of weid metal into the gap.
but full strength welds are still realized.

s |n vertical position welds, there is a tendency for
weld undercut and sagging unless the weiding
current and welding arc time are carefuily
controlled.

s Using proper welding parameters, welds have
less than about 6% iron on the top surface.

& All surfaces should be free of oil. grease, dirt and
oxide scale prior to arc spot welding.

When arc spot GMAW is not practical, for example
because of welding position or a heavy gage, mid-sheet
attachments can be made by plug welding using precut
holes. The hoies may be circies or siots, e.g., 1/24n.
(12.4-mm) diameter or 1 in. by 3/8 in. (25 mm by 9.5
mm) siots. Round holes in over about 3/32-in. (2.4-mm)
thick sheet should have a tapered side to avoid side wail
lack of fusion defects. Slot weids are often easier to
weld, particularly when the weiding is done on vertical
surfaces. In many applications it is also necessary to
fillet weld the edges of the sheet to the steel backing.
The preferred filler metals for the piug and edge welds
are ENiCu-7 or ERNiCu-7.

PIPE WELDING

Copper-nickel alloy pipe is widely used in piping
systems for shipboard services, coastal installations,
desalination piants and offshore oil production. Smali
diameter pipes, 2.0 in. (50 mm) and under are often
socket weld joints. The preferred procedure for larger
diameter pipes s a GTAW root pass with the option of
GTAW, GMAW or SMAW fill weiding. Most consistent
quality and higher productivity is obtained when the pipe
can be rotated for downhand weiding.

The GTAW root pass may be made by manual
welding using either the hand-fed filler metal technique
or consumable inserts or by using automatic orbital pipe
welding. The pipe interior should be purged with argon
using the standard practices for other alloys such as
stainiess steel and nickel alloys. The manual root pass
procedures for copper-nickel are basically the same as
for other alloy piping, but the welders may notice the
weld metal does not flow as well as an austinetic
staintess steel. The pipe joint design for manual weiding
s usually a V-bevel with a nil root face and root opening
or a 1/1684n. (1.6-mm) root face and root opening. The
filler metal is ERCuNI, and the torch shielding gas is
argon.

Automatic welding copper-nickel with orbital pipe
welding equipment offers higher production rates and
fewer weld defects. On a large firewater system for an
offshore platform, orbital welding was able to reduce
weiding time to one half that of manual weiding and cut
reject rate from 15% to 5%.” The joint design
tolerances must be tightly controlled and are crucial for
successful orbital weiding. The recommended joint
designformostpbesizesisaJ—groovemm a 25°bevel,
a 3/324n. (2.4-mm) radius, a 0.050-n. (2-mm) root face
with a 0.03- in. (0.8-mm) extension. Figure 4 shows a
weld head mounted on a copper-nickei pipe and joining
a straight section of pipe to a T~ section fitting.
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Figure 1 Copper-Nickel Phase Diagram
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Figure 2 Typical weld joint and bead sequence for copper-nickel clad

stesl plate 1/2-to 3/8-in. (6.4-t0 8.3-mm) thick

« Pass 1 -use ENi-1, EANi-1, ENiCu-7 or ERNiCu-7 filler. The top of
the weld may require gnnding to allow room for pass 2.

o Pass 2 - use ECuNior ERCuNi.

» Backgouge carbon sleel side 1o clean metal and provide bevel for

accessibility.
« Passes 3, 4 oras needed: ENi-1. ERNi-1, ENiCu-7 or ERNiCu-7

I CuNl clad

A i

carbon steel

3

u_

Figure 3 Typical weid joint and bead sequence for copper-nickel clad steet
plate 172 In.(12.7 mm) and thicker.

. Passes 1,2. 3 oras needed: carbon steel fillers such as E7018 or
comparable filler for GMAW or SAW.

« Backgouge from alloy side to clean metal providing a bevel for accessibi-

ity

o Pass 1A - ENi-1, ERNi-1. ENiCu-7 or ERNiCu-7. Gnndingtop of the
welid may be needed to allow room forpass 2A.

« Pass 2A - ECuNi or ERCuNI.
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Figure 4 Automatic orbital weld head welding copper-nickel firewater piping.
Photo: courtesy Arc Machines, Inc.






