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in the surface region of a total of nine elements. The results are
consistent with the hypothesis that Irop hydroxide segregates at the
surface to form a protective gelatinous layer against the normal
chloride-induced corrosion process. Trace sulfide Interferes with
formation of a good protective layer and leaves the Iron hydroxide
vulnerable to ultimate partial or complete debonding. When the alloy
is first exposed to,9pure'l seawater for a prolonged period of time,
however, subsequent exposure to sulfide is no longer deleterious. This
is apparently due to a layer of copper-nickel salt that slowly forms
over the iron hydroxide.
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ABSTRACT

The mechanism of sulfide-induced accelerated corrosion
of 90-10 cupper-nickel (iron) alloy is investigated. Sam-
ples of the alloy are exposed to flowing (2.4 meters per
second) seawater, with and without 0.01 milligrams per liter
sulfide, for various periods of time. The resulting sur-
faces are examined by means of Auger electron spectroscopy
coupled with inert-ion-bombardment. A detailed depth pro-
file is thiereby obtained of concentrations in the surface
region of a total of nine elements. Thle results are con-
sistent with the hypothesis that iron hydroxide segfe'gates
at tile surface to * form a protective gelatinous layer against
the normal chi or ide- induced corros ion process. Trace still-
fide interferes with format ion of a good protective layer
and l eaves the iron hydroxide vulnerable to ultimate partial
or complete dehond ing. When the alloy is first exposed to
"pure" seawater for a prolonged period of time, however,

subsequent exposure, to sulftide is no longer deleterious.
This is appairent ly duet to a lae fcopper-nickel ,;al t that
s-lowly forms over the iron hvdroxide.

ADMINISTRATIVE INFORNATION

This invest igat ion is part of an in-house research program of the David W.

TVaylIor Naval Sbhip Research and Development Center. It was conduc ted uinder PrograIM

FI'ement tOll'2N, Task Area 7.R0220801 , and Work Unit 2823-507.

I NTRODUCT ION

corrosion oif copper-nickel (iron) (Cu-NI (Fe)) alo use in piping onl navail

cr'Ift usuall IvoLcur1s at a rate suffticient lv low so thiat a vessel can renla in Mts~

for yea rs withbout (devel op ing cor ros ion associated problems . Dur ing shipl const tmc -

ion, however, the material at times has exhibi ted aice crated corrosion onl inter-

n1.i sit fes wbhich is spec kif I clII lv ssoc ated w ith water found in and a round t he

ha rbo r. The problem appears to resulIt from thet presenlce of sulIf ido, po lititault- s no r

the short, I inc. Conven t ional 1 nal%\'t icail methiods have thuis fi ar failed to detect

theit presence of slfu ' tr (S) i in corros ion f IlIms formed in b le pre sence of sit i doe

In this invest igat ion an at tempt Is maide to obtain information bearing oil thet

mechan i sil of sull fiea Ictd corrosion by uising Aniger eleoct ron s;pec tro-,cop,,

AFS) comb ined with Ion-bombardment prof iling iii theltn ;lvllVIs of 'orr'osion IIm



It is reasonable to assume that an understanding of the problem of sulfide-

accelerated corrosion depends on an understanding of the normal corrosion mechan-

ism of Cu-Ni(Fe) alloy. This, in turn, is based on the corrosion mechanism of
I*

copper, the major component of the alloy. Morr and Beccaria have found the

minerals malachite, Cu(OH) 2CuCO and atacamite, Cu(OH)2" Cu(OH)CI, in the corro-

sion products of copper in seawater. Bacarella and Criess 2 found the primary

reaction product of the anodic dissolution of Cu in seawater to be CuCl 2  The

anodic process was under diffusion control and Its rate was proportional to the

square of the chloride ion (Cl) concentration. The rate determining diffusion

step consisted of diffusion of tie CuCI2 complex ion corrosion product away from

the surface. Efird, using electrochemical hysteresis methods, studied CuNi(Fe)

alloy in aerated natural seawater. He proposes the following mechanism for the

anode process, In the passivation region, copper is first oxidized to cuprous,

2Cu + H20 - Cu 2 0 + 211+ + 2e. In the general corrosion region, the primary corro-

sion reaction is oxidation of copper to cuprous, with formation of the chloride

complex, Cu + 2CI CUM + e, followed by the hydrolysis 2CuCl + H 0 - Cu20
21+ l2sse.ing 2 1

+ 2H + 4C-. jsseling and Krougman, investigating 90-10 Cu-Ni(Fe) and using

scanning electron microscopy with X-ray microanalysis, found a layered structure

in the corrosion products, with intermingling between the layers. They describe

the top layer as grayish-green, varying strongly in thickness, and consisting

"mainly of biological material plus some atacamite." The "dark brown layer under

the top layer is enriched in iron and manganese and depleted in copper and nickel."

Beneath that is a green layer of atacamite, and under that a layer of cuprous

oxide, interchanged with atacamite. All this was obtni ned in very slowly moving

seawater. In general, the authors find that "well-protecting films, resulting in

low corrosion currents, are amorphous, rich in iron and nickel, and depleted in

copper." Faster flow velocities of seawater tend to favor formation of thinner,

more protective films.

There have been a number of studies of Cu-Ni(Fe) corrosion in seawater which

have been reported after the present work was underway. MacDonald, Svrett, ard
5

Wing studied the corrosion of 90-10 and 70-30 Cu-Ni(Fe) alloy exposed for

*A complete listing of references Is given on page 21.
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approximately ten days to seawater flowing at 5.3 ft/sec (1.62 mls), by using a.c.

impedance, linear polarization, and potential step measurements to determine the

polarization resistance (a measure of corrosion resistance). They reported the

effect of oxygen concentration and of the presence of sulfide in seawater, as well

as differences between the 90-10 and 70-30 alloys. They found that at low oxygen

concentration the corrosion process was cathodically controlled, while at high

oxygen concentration it was anodically controlled. At low oxygen concentration

the 70-30 alloy is more corrosion resistant, while at high oxygen concentration

the resistance of 70-30 alloy decreases suddenly to that of the 90-10 alloy.

For each alloy, the corrosion resistance generally increases with Increasing

oxygen concentration. They found two relaxation processes, one of which was con-

sistent with a mechanism of ion or electron transport through a surface film of

uneven thickness. Their AES studies showed cupric and nickel oxide, with possibly

cupric hydroxy chloride, as the components of the corrosion layer.

Upon introducing sulfide, the authors found a breakdown in passivity. This

effect persisted with changing concentration of sulfide, down to 0.85 mg/l, the

lowest concentration used. The corrosion film consisted of cuprous sulfide, mainly

in the orthorhombic form. Cubic cuprous sulfide, and copper-rich cuprous sulfide,

were present in minor amounts. The authors interpret their results as indicating

that there is a substantial change in the mechanism of corrosion when sulfide is

present in the seawater. Thev suggest that whereas the reduction of oxygen is

normally the only viable cathodic process, in the presence of sulfide the evolu-

tion of hydrogen becomes possible. In their view this then becomes the new

cathodic process and is responsible for the accelerated corrosion. It should be

noted at this point that the sulfide concentration used in the present study,

0.01 mg/l, is nearly two orders of magnitude less than the lowest used by

MacDonald, Svrett, and Wing.
b

Wilson used AES to study the corrosion films which had been formed on 90-10

Cu-Ni(Fe) alloy while it was immersed in slowly flowing heated fresh seawater.

The purpose of his investigation was "to determine whether the seawater corrosioni

product composition was related to the iron distribution." Iron distribution

refers to the amount of "precipitated," or "second phase" iron, as compared to

iron in solid solution, at constant iron composition. It had already en f omd7 I
by Ross 7 that the corrosion rate was not affected by the iron distribution at

3



ambient temperature. With heated seawater, however, the corrosion rateo was

directly proportilonal to the amount of prec ipitated iron. WilIson founid flint niiicks I

enrichment in the corrosion laver was inversel v proport ional ( o te amournt of

precipitated Iron. The corrosion rato is, therefore, inversely proportional to

the amount of iron in sol id sotiutton . It- was inferred thiat ironl in so lid so ki tiol

(ba.t not precipitated iron) promotes the enrichmnent of n ickel ill tte corrosion

l aver, wti itch Inl turn reduces the cor ros ion rat L'. 11. P. liack and J1. P. Cudlas have

exposed 00- 10 and 70-30 Cu-Ni.(Fe) al by to natural seawater forl the purpose of

deterin iing ''tie ab ii ItN of a no0rmlal cor rosijon pr-Odnet f 1 1 mto prevent su If ide-

induced corrosion."' After ''preexposiire to naltural Iseawalter for 0, 30, or 1201

dayIs,'' th. V found that Lhe ''120-day preexpostires were suftfti cien t to formi a pro-

tect ive corros ion product t i tni thiat p rovented suIf idle - Inuied at tack ,"' wh ile thek

"30-day preexposures were i nadequit c.

The Cu-Ni (Fe) a 1 1v Consisted essential ly of 88 percent Cu, 9. 5 perc cut Ni,

and 1 .5 perent Fe. Less thian 0. 5 percent of each of mang;iiiese , zinc, lecad,

pies pliortis , aiid sulfur were A so present . Samples of tilte a3I o0Y, mevasoring I /.' ill

x 1/4 inl. x 1/ 16 in. (1.27 cm x 1.111 cm x 0. 159 cm), were clamped in a jig and

immersed in seawater flowing patral lot to the 1/2 x 3/4 faces at a velocity of

8 tt/-eL.L (2. 4 ,).All i inevrsions were- car r ied out at the I aQiie Centeor for Cor-

r-osionl Techinol ogy, Wr igli tsv i I e Beach * North Carol i n . Sainlp~t, los- wereXposed tO

nat nra I seawater w Ithen lt add it ions , dies i gnat ed as ''fresh sealWa]ter' (VS1, anld to

sea.'water containg tAded snuIfide (SSW) inl conInLltrat ionls of 0.01 tfig! I. Somel

salmp I s .llso were, exposed to) seawa lt er conltalinling aIddeCd Ft i on. Dur i ig al e x-

perimcvl.. s ,saiIpl 1es Wert- r-Llitov'(l at I r II), 6'0, and 00 days.-. SaInIn les for :ICh) Selt

"f collic t i mis wet e'XpOl-,td inl qiladriip i ci e . Fel lowilug removail they were wrappcd

ii 1 i tit - tree t iSs-ue , packaged inl p I a tc Jlet r di s0es, a'ind mailed to DTiNSIRPt_

Sanhip 1 s representing, each seawater- oxposure condi tion weOre tilien placed, as1 r-

t. t vt'd, inl te tiitraiigii vacitm irie iiit iplo saiiipl o holder for AFSaalss

The AFS was' performed inl an tilt rili ighi vacuium system con t ain ii n i cvIinid r io-.. viii-rci'

ana.l v.,!r withI a 3kV integrail ci e, t on gun and an ion-bombardlment guni t or depthi

prot i I irig.



RESULTS

The samples which were removed from FSW after 30 days possessed a corrosion

layer with a dark color superimposed on the original copper color of the alloy.

Those exposed to FSW for 60 days had both dark and gray-blue patches. Those

exposed to FSW for 90 days were covered almost completely with a gray-blue layer,

which seemed to cover the dark layer. The corrosion film on all these three sets

was intact and appeared to adhere well. The samples exposed to SSW for 30 days

appeared somewhat lighter in color than the 30-day FSW set. On those exposed to

SSW for 60 days the corrosion layer was starting to peel off in isolated spots,

exposing a bright surface with the appearance of the original alloy. On the 90-day

SSW exposed surface there was considerable peeling of the corrosion layer to

expose the copper colored surface underneath.

Auger electron spectroscopy with ion-bombardment profiling (Figure 1) of the

hi-dav exposed FSW surface yielded a number of noteworthy features. The outer

laver, after 3 min ion bombardment, contained carbon, oxygen, chlorine, sulfur,

copper, nickel, iron, calcium, and potassium. Additional carbon, from the over-

laver of organic molecules deposited on air-exposed surfaces, was probably removed

during the first 3 min. Potassium, sulfur, and the remaining carbon decreased $
steadily from their initial values during the course of ion bombardment. Calcium

and chlorine, with minor fluctuations, also followed this behavior. Copper re-

mained reasonably steady during the first 45 min then started to increase rapidly.

Nickel increased slowly at first then started to increase rapidly at about 40 min.

Tron Increased rapidly for 45 min, then decreased fairly rapidly. Oxygen decreased

slowly for 45 min, then decreased fairly rapidly, at the same rate as iron. The

behavior of iron was striking, in two respects. First, as mentioned, it was the

onl,, constituent (of the corrosion film) to go through a substantial maximum wel I

into the corrosion film. Second, and even more striking, is the fact that al-

though iron is onlv 1 1/2 percent of the bulk alloy composition, it is present

in larger amounts than either copper or nickel in the corrosion film.

The AES analvsis (Figure 2) of the 30-dav exposed sulfide-containing seawatt r

(SSW) yielded many similarities, but also some interesting differences, to the FSW

surface. The entire curve was expanded along the time axis as compared to the FISW

sample. This may be due either to a change in the physical nature of the film,

or merely to a variation in the ion-bombardment conditions. For example, if the

S]
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inc(.Ident vlect ron11 beaml for Auiger ana lys I s I s t ot'used near thtit t op , rat her htrl t lit,

bot t toml, o f th liIon-bomba rdmen t v'rateor , t he on t I re prof I I I ng procedure wotilId a ppea r

to have slIowedI down. Fxcep t for tilt tinme fact or,* tihet, ran cu rve Is yerv siitlari

to the p rev iotis one0. '11e oxygen cnurve is a ,is s imliar, v spe I a Ilv oil tit heiIght

sIide tooIt the i ronl ma x I mun. Pot ass fhiml, ca I ctu11rn, and carbon are roughl I v s till i I a r

Sit I Ifurt and eli I r In , however , show Itit erest Ilug d I f f'ronces . 1In FSW , Sult fis

pre-tsent1 ill moderate amunt M atlte stairt of proffiti g, and dec reases rouitiINtl

thereafter. Ill the SSW, S1n1*11 t 'ui S goe rotigh aI verv 1I1lt arge ad sharp maximum dufrint"

t he tI rst few nifhut tes otf nbmbrmn t herea f t r dee yeasing rant me Iv f rom

thault vaIle. ('11 o or ite behaves s I m I Ia rI v to( ,i fulfur dilI lt' t lte f i rs t few it l es oft

prof I I I lug., exc op t tha 1t t liw maxi\ mum I ,is ( nt as ItIi gl o r as shanrpN.

I'lhe AES maaI vs is- ofI Iti I, -dayv tSW saimp I Ie wais r the r (I I t' le-n It t 1a petrt ttvn.

Thli grayv I t1-b I lio palr elie's Were' i Its(I lat I tip, f t I mt; ;lntI v i o I (I ed onl Ievttamrg I ip g nd d is

cetta rg I lt" s I glla I S. 'tuel( dLI ik pat chlis we re at s-o somewhiat Itniu I ait hiug, butt v ik, IdtI'-

A1111,01 speec'VtI (11d1ring thet eatti'set at it'l -bo111mbardnu'nfl . oil ths da-wt~rk pat ehes(Fg

lue 't roll Was p resell t it) ;i amount i'eglt I v eqia I t at eappi' r a it i eke I -it t Ie'

begI nt u ,gr:ietua I Iv ;i es u s 't aind N iI ile reaised and ;1.s the I on-bholl'b;I dmeil I

exposed,1 thet sii'-t raIt . 'there' tvo t'.'rv I itt to sil fo Illi t t fi lm. (hI oil ne * how-

eewas preseunt Ill I e i -.lant am11ounits anid wenit thll'll al ma1.x miii dtir inct tie'

prof tt I g,

'The At-', on t ha 6e0-etiv ISw sapI 'lwas pebam' ot h) on a 'a ove-red wit 11

It'll'a ion tilln ( Ftgitc *'0 :1and tt lt' ica V i' ) , onl the', corirosioan t I Iii.

peeta)ss itint and W01,4 rheitwer' t' ~e inl smfl.l I I mil witl to I e'ppe' tl nicko' in-

ete ae d iut ile'lv w i t Ii o-hmtirmi I rail ilwr' I'~ ec wit t I'i-battai'te'i .i 1,1

itppc'.ired to behogaing thlraciieft .1 hri';ie max imltn Sit 1 t' 1. Weil I 11TI'McleJ) .1 brold ma1.x mim.

(11iii lt at fItoeIv pul l'l Inc fit at tarolt. (ii1 1rn11' iilM, r'.isM ra1t hot' ; u Itv t hell

Ilo'o I I led oft an;d Litc 1 h 1 ti-s ouwI v , wht 1 1' o ' I c turn went t liramilli a miix timim T11 mi

ini o r I'ce't I I tg ot t fpa Iits 0at V liott II, si tr . o 't I or 1ilc, an ;I s IMO' tin' e Ill c1'111. I H

wac'I'iir'r'od l1In.* ppu'ox tin Iat tclv I lhe sa e l' s I .n aIto f tIic' fi tine' ax \isc4. tOxVgill Weltit t tricg"lt

.i re' Iat I velI v 'a' rIv max 11111111. ('t 141r file' wellit ( tireeigi .I stiarp'r anld higllct'r 11l;tX illilll

lin sti Ititi met p'.ike'e -euiitcwi.itlt r

'[lie At'S .ini IsI Ii., ic' bIc' speots ctt 1 010t-1t.1' SSW oape Vti lect scenic

feat orics -;t r I1k Iu I I.1 11 f'tI'e'1clit I ti'm oil I't'l~l t I hits ot t tho -uite s:111i1p Ic. cn

pt';ue'e raipilv itt or e'iieie'icil l ii-bemt.i'etu'lin .111, was Iics' t litel-v Ite
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amounts (uip to three t lInes as great as copper) for prolonged periods during i on-

bombardment . Fromt the begifnnlng sulfur was present in large amiounts and wenlt

through a high and relative lv broad (compared to 10-day SSW) maximum. ('.ItI or i me

was present in -utb stant ial HY sma I I or amount s than s;tfillfu. oxygen cencent rat ion

was hiigh a long with thet ir-on.

The AFES anal vs is oil 90-day exposevd PS14 samples at f irs t yielded spec tra

with mos-t peaks either undetectable or too small1 for useful measurement , duelt to

thet insutlat ing charalCterist ics of thet thick corrosion film. Increase of thet

incident beam current from 10 IiA to Y) ItA however, reso ilted in useful spectraI

with measurable peaks. T he copper and nickel conitent (Figure 6) of those curves,

was- greater than thet iron content . The ickkel CurIve Wa*s so011et imeiks greater thanI

copper, and inl general ,was hi gher relfativye to copper than to biulk comlpos itionl.

T tere was a I SO ev idec o IV0f sf1I iConl an1d magnes iumi, poss il b l in subs-t anlt i a I amlounlt s

:\FS ana ivs is onl ()0-dav exposed SSW4 samples Once aga in i e 1ded sharp d if-

e rteuces between corrosion f-i lilt (Figure 7) aInd bare spots (Figure 8) . Now,* how-

ev,1" thet balre sp[ot comlpos it ion was low in ironl anld sulfur, hiigh in copper and

niickel' , an1d enormouts I v Ili gli in chlorine. The clior ine pealks Were man1y1 1'old c rca t r

than anv others, and hiad to bet lieas;,ired at reduced snis it i vit v. The corro-s ion

f ilm, oil the oither hand,* was rel at ivelv high inl iron, oxygen, ,iand sini fur, anld

greatIH Lv rduce'd inl clior ine.

Sample wiICh 100erc expo0sed Ior 10 , 00, or 110 days t o seawa t er conta;Iiing t ,

added Fe ions11' (0.2 mg/1nil) , con1t ai ned a loo0se l adhiering rust-eel tred poetr

I aIver. AFS anal Ivs is confirmed Hat the rus1t-colotred 1laver was I ronl tixide.

1) 1 SCUSS I ON

FXl0Isr o- 0f tn-Ni (iF0 spoee i me'ns to t lit, t low ig F1,1 v i vI del spiec i Ilils wi i ti.d'
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enriched in iron, and below that was more atacamite. The detailed nature of the

corrosion laver varied with the velocity of flow of the seawater. Our observation

in this work confirms the existence of an iron-rich layer, and indicates that it

forms rather rapidly, i.e., within the first few weeks, on the alloy surface. The

almost perfect parallel decrease of oxygen and iron during ion-bombardment profil-

ing indicates that this iron is present in the form of an oxide. Our results also

indicate that copper and nickel slowly grow over this iron layer, probably form-

ing a s.lt, which is nonconducting when dry. The bluer portions may be atacamite,

whi le the graver part of this outer laver Is apparently a nickel-rich salt. Tile

presence of iron in the alloy is known to provide corrosion protection. We Con-

,e quont Iv propose the following mechanism for formation of the corrosion layer.

Cu -* Cu+ + e (1)

Cu + 2C1- -* CuCl 2  2

Summing (1) and (2) gives the anode reaction for copper

Cu + 2C1- C(uCi_ + e ()

If t he cathodic reaction is due to dissolved molecular oxygen, then

1/20 + If 0 + 2e - 20H- (4a)

If . on the other hand , the cathodic reac t ion Invol ves reduct ion of the hxvdrogeu

ion, then
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T

H+ + e - 1/2H 2  (4b)

instead of (4a).

Fe - Fe4-+ + 2e (5)

Fe++ + 20H- - Fe(OH) 2  (6)

Summing (S) and (t) gives the anode reaction for iron,

Fe + 20H Fe(OH) + 2e
2

Once again, the proposed cathodic reaction is (4a) or possibly (4b).

The basic corrosion proccss of the alloy consists of equation (3), wherein

copper is oxidized to the cuprous state, which, in the absence of Cl , would form

an insoluble hydroxide on the surface, impeding propagation of the reaction.

In the presence of CI-, however, the Cu+ forms the soluble complex CuCI, , which

is then rapidly carried away allowing the corrosion reaction (removal of copper)

to propagate. Iron in the alloy competes with the copper for the oxidizing agent

in the cathodic reaction (i.e., 01 or possibly H+), thereby acting as a sacrificial

anode. Because the reduction potential of iron is considerably lower (oxidation

potential considerably higher) than copper, it will oxidize more rapidly and

segregate at the surf.ice. Alternatively, the 0,, (or 11+) may oxidize Cu to form

C1+, equations (1) and (4), to be followed Itediately by reduction of Cu+ back to

Cu hv the iron, eqtiation (S) and equation (1) reversed. The Fe + + then combines

with Oil to form the Fe(OH),, equation (6). Tn either case the result is the

same, with the Iron acting as a sacrificial anode to form iron hydroxide, or some

other hydroxide the Iron hydroxides constitute a gelatinous precipitate which
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acts as a barrier to ready access of solutes in the seawater, such as 01 or CI-,

to the alloy surface, and also to diffusion of reaction products away from the

surface. It is then necessarv for the reaction to propagate by means of diffusion

across the relatively impermeable iron hydroxide laver, a much slower process.

Formation of the Fe(OH) o laver should, in principle, take place at a maximum rate

at the very beginning, then slowing down, perhaps logarithmically, or even slower,

with respect to time. The slowing down should take place both because of the de-

pletion of iron in the region of the substrate alloy near the interface, and because

of the increased time necessary for the iron to diffuse across the Fe(OH)., layer

as that laver thickens. As the Fe(OH1)2 layer builds up rapidly during the first

few weeks of exposure, nickel and copper, with oxidation potentials lower than

iron, Will oxidize slowly to the ionic form, and start diffusing tirough the iron

hydroxide laver. The nickel presumably leaves the surface as a simple ion and

the copper as the complex CuC, , As they approach the outer sur face of the iron

hydroxide some of these ions oxidize further and hvdrolvze to form the insotube

coating over the iron hydroxide laver. For example,

2('uCl 2 + 1/20,7 + Oil + H2 O - Cu 2 (OH) 3 C1 + 3(1 (7)

yields atacamite. This coating is the blue-gray laver which forms within a period

of two to four months.

For the case of exposure of the Cu-Ni(Fe) alloy to seawater containing su fidt,

at 0.01 mg/1 concentration, the basic change seems to involve interference with

adhesion to the surface of the protective iron hydroxide laver. Sulfide ions will

convert Fe(ot) 2, to FeS, thereby changing a tight protective amorphous coating to a

porous partially crystalline one. This porosity allows the -eawater access to the

allov substrate, where the main corrosion reaction, Cu + 2,1 - Cud; + e, will

gradually debond the corrosion layer from the surface. Also, the corrosion lavr

itself may tend to disintegrate, possibly aided by oxidation of FeS to FeSO
4.

Under these conditions the layers of nickel and copper hydroxide, or hvdroxv-

chloride, do not form over the iron-rich laver. The AES curves for each Surf ace

show far greater quantities of S in corrosion lavers formed in sulfide-containing
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seawater than in samples exposed an equal amount of time to fresh seawater. The

AES curve for 30-dav SSW picks tip a high S maximum at the outer surface of the

iron-rich corrosion layer, followed by a consistent decrease with distance towards

the substrate. Apparently the buildup of iron hydroxide is countered by a removal

mechanism, which involves first the adsorption or incorporation of S , followed by

its removal along with the removal of iron. When bare surfaces are exposed by

debonding of the corrosion layer after formation of the iron hydroxide layer is

substantially complete, and the substrate depleted of iron near the interface, they

show CtCl., , with Cl facing outward. If the formation of iron hydroxide is not

complete, the bare substrate mav be iron rich. When a nickel- or copper-hydroxide

insoluble salt forms over the iron-rich laver, it apparently prevents subsequent

attack by sulfide.

CONCLU SIONS

1. Corrosion of Cu-Ni(Fe) allov in fresh open seawater (presumably caused by

oxidation of copper followed by formation of the soluble CuC. 2 complex ion), is

very strongly inhibited by formation of a protective laver of amorphous iron

hydroxide at the surface. The formation of the iron hydroxide laver is caused by

the favorable free-energy decrea,;e which occurs upon oxidation of iron at the

sur ace.

2. The presence of trace quantities of sulfide ions in seawater interferes

w i -ormation of the protective amorphous iron-hydroxide laver, leaving the stir-

face partially exposed to Ci induced corrosion.

1. Three months or more exposure of the alloy to fresh (sulfide-free) sea-

water allows time for formation of a laver of insoluble, strong] y-adhering, nickCe-

copper salt over the iron hvdroxide laver. This laver may be responsible for

prvcnt ing subsequent attack on the iron hvdroxide bv sulfide ions.

RECOlMThENl)ATI ONS

1. The use of a stimulated iron anode in seawater near Cu-Ni(Fe) piping has been

proposed by DTNSRI)C and found to be effective for protection against sulfide-

induced accelerated corrosion in laboratory tests. The method has been successful

in some field trials, unsuccessful In others. Evaluation of this method should hev

continued until a firm conclusion is reached as to Its reliability.
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2. An alternative method of protection should be developed by investigating

methods of accelerating formation of the outer layer which is formed over the iron

hydroxide.

3. Efficacy of the protective layers thus formed should be determined for

continuous exposure to various sulfide concentrations over long periods of time.
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