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WTRACT 

.Th;' h~ro.l.. t.ic· pr.uure .•rr.cls on th••l.elroch••ical - b.haviour 'ot. Cu-Al and Cu~Zri. alloy.· ha.•·be.n.tu4i.d by 

ICCK..,.(I .I~.joint.';'working • lb. aVerage corrosion rat.•• 
. . or both' alloy.incr.a...wHIl incr.asing hydro.t.at.ic 

pressure,lh. ano4icproc••• or':l1oy'l and bot.h anodte and 
cat.hodic proc•••••·otalloy 2b.ing .•ilhanc.d ..The.. incr.a•• 
of t.h.aUo.y. corrodibiUly ••••• t.o b.· Unk.d t.o t.h. 1••• 
hYdrat.ed· nat.ur. or t.h. corr.o.ionproducl. tor••dat. high 
pt•••ur•• 

Br.&lDtE. 
. :Lit..tre.la d•. ·la. pr.uion hydro.laliqu. .ur 1. 

coaport..aent. tl.elrochi.ique d'alliag.Cu-Al and eu-Zn ont. 
U" .tWli.... conjoint•••nl par l'lCCH .t l'IFRIl)O!:R. La 
vil•••••oy.nn. d. corro.ion d•• d.uxalliag••. aug••nl. 
av.c la pr••• ionhydro.t.at.iqu.,· c.la a. t.radui.anl par un. 
• oditicat.ion .dea lract. pol.nt.io-ctntUqu.. : aug••ntalion 
d•• d.n.it.4_ 4. courant. anodiqu. pour l'alliage 1 .t. 
anodiqu••t. l;aJhoqiqu. pour 1 'aU iag•.2 •.C. co.port.•••nt ,t - ••abl. .tr. lit I. la nature d.tfr'r.nl. el.. produil. d. 
corrod'on <gain. hydrat'a) tor.'••ou.haut.•• pr••.sion•. 

RESQHEH 

I 
Lo. .t.clo. el. la pr•• ion hidro.tat.ic.. .obr. .1 

co.pOrl_i.nto .l.etroqui.ica el. 10. aU..g•• Cu-Al y Cu-Zn 
fu.ron •• tudiado. conjut....nt. por .1' IC"" y IFREMER. La 
velocidad .edla d. corro.1on el. 10. do. aliag•• au••nl" con 
lao pr••ion hidro.t.at.ica~ lraelu.i.ndoa••n una.odirieacion 
d. la. tral:aa. pot..nciOcin.Uca. : aua.nt.o de laa p.n.ielael•• 
el. corri.ot. anoelica .n.l. a!iag.l yanOcliea y cat.odica .n 
• 1 a!i&".2. E.t..· coaport._l.nt.o parece .alar .n r.lacion· 
con la nat.a·ral.za eliter.nt.. de 10aprQducto. el. la - corrosion <••n". hldratadoa> torliladoa lIa.;lo alla. pr•• ion••.

J 
~.,. 

Jt!l"ftOOOCT(ON 

A .eri•• ot.xp.ri••nt.. carried oul by Reinhart. <1.2,3) 
in natural .eawal.r at.th••urrac. and at dept.h. or 160 • 
anel 2100 _, ontio•• c.opper alloy•• ahowed lhal t.he av_rage 
corro.ion rale of brasses was unartect.ed by the depth 
change while ·the bronze~ corrcdll'q!ily Of',rp·"",,,. "jlh•k , t 

, 

increasing d.pth, their av.ragecorro.ion ral. at 760 .. and 
2100 m depth .was lowQr than at .urtac., <1 mpy . and 0.' a~ 
re.pectively). This decr.a•• wa. attributed' to' the .tt.ect 
of decreasing t.aperatur.· and D.O· <Oi ••ol.ved· Oxygen) 
cont.nt and .xclud.d lh••tr.cl ot th. d.pth <.L •. ot th. 
hydro.lalic pr•••ur.). . 

Moth.r .xp.ri_nl .how.d. th..t. pur. copp.rand bra•.• 
( ..lloy LS-'9-1) .xpo••d in l.h. .ubarctic zon.ot: lile 
P..citic Oc.an (4), (wh.r. 0.0 aNI l.,.p.ralur. ,,_..in 
con. tanl wi lh d.pt.h), have b.hayiour. intlu.nc~ by .t.he 
d.pth <th. moal dang.rou. ".plh V..lu. '111'.... 3000lo 500Q·. 
tor bra....lloy. and 100_ tor. Cu). . 

lb.r.tor. t.h. ch..ng. ot D.O· and l_p.ralur. cannol 
.xplain ..Ion•. t.h. v..riat.ion ot corro.ion rat.. wit.hd.pt.h. . 

. L&horat.ory .xp.ri_nl.,. carri.d out. .in v••••l •. al 
pr•••ur•• · ranging traa 1 t.o 300 liar. 0.0 and t_p.rat.ur. 
v .. lu.. r ....ining con.lant. wit.h pre••ur., .howed on' .t.he 

. conlr..ry lh..l hydro.t.alic .pr•••ur. intlu.nc•• lh. corro.ion 
b.haviour ot v..riou•••t.ala. a. copp.r (1),6). nick.l. (7,a) 
and aluainiua un. This .t(.cl was ..\.tribut.ed· t.Olhll 
changing ..valu.. ot .0.. par..-t..ra (hydralation d.gr", 
ionic radiu., ditta.ion co.tticienl (10), .t.c. ) that. 
intluenc•• both lh. tran.port. phenoaena ot: ditt.r.nt ion• 
and lh. r.act.ion kin.lic al lh. .olulion/oxid. and 
oxid./bar. ..l..l int..rtac... t.o wich t.h. nalar.· ot t.he 
pa••ivat.ion layer and th. ..lal corrodibilily can be 
corr.laled. 

Pr.viou. work (5-0) .how.d lhal wit.h incr.a.ing t.h. 
hydro.talic pr•••ur. lh. av.rag. corro.ion. ral. and... lb• 
.u.c.pt.ibUit,y lo piltingot nick.l d.cr.ali... while lh. 
corrodibllit.y ot copp.r and ..luainiua incr........ Th. 
ditt.renl b.haviour. ot t.h... .l••ent.. can int lu.ne. t.h • 
d.alloying ••cbani.. When t.h.pr•••ur. . incr........ tor 
.xa.apl•. by d.cr.aaing lh. pr.t.r.nti.. l diuolution ot til• 
• o.t. ..cliv••1•••nt ot t.h...lloy <Zn. Al or Ni) .with 
r ••p.ct ot Cu, .oditying t.h.r.tot. lh. ph.noae",on toward. 
hoaog.n.ou. dis.olul.ion. 

In oid.r to inv••tigate it t.h. ditt.rent. b.ha.viour ot 
lh. alloying 1Il._nt.. (Zn and. AU att.ct th.d.alloyin" 
·ph.no••na Wh.n hydro.t.at.ic pr•••ur. incr.a.... ._ 
.xp.rta.ril. w.r. carri.d out. at. various pr•••ur•• , 
t.••p.ralur. and 0.0 conc.nt.ralion r ....ining contit.anl. . 

It. is know that th. d.allDying is enhanc.el by alar•• 
grain .iz••truct·ur•. Th.r.tor. t.he grain .iz. ot .p.ei._. 
was incr.a••el by ann.al ing and wal.r qu.nching tr.at.••nt.. 
t.o ••pha.i.. lh. d...lloying and enhance lh. ditt.rent.· 
b.haviour ot alloying.l•••nt •• 
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, EXPqt,HEtfIAL 

, QCp.iria.nllivere,c,arji.ed out by u.ing Cu-Al and Cu-Zn 
alJoylwit.h lh. follovingC:o.posit,ion,. 

, Cu":'A! (alloy 1) i5Cu S Al ' , 
C,,"-zri (a119Y~) 86 Cu, 'iC! ,in 2 Sn 

By 	 t.h.ril&l" lr.lP:\••nt.., ,anr1~al~ng innHrog.n at.o.ph.r. 
(aUCly 1 :900 ·C,; 30 an,' ,aUoY,2 :'6PO ·C. 90 an) and 
val.r qu.nchiria~"-'''f.inopfi''.iC:'.truC:lur. ;(ph.... 0'1 of bot.h 
alloyilv... ' ob(ain~~,1tit.h' av.rag. grain dze dia.nsion.of 
4~6'" ana 2J~'r••'~.~~ivit~y; Speci••I). ver. polhh.dvHh 
grad. 601)' abradv.' pap.r and d.gr....,ed" vHh ' ".trol.ua 
b.fon b.ift9i.......,d, in .... 'vat.r, al.8.2",PH. 15 ·C and 6.5 

to 7 pall D.O. Exp.riunt. ,v.r., c .. rri.d out in tva pr•••ur. 
v....J •• em.of3.S I qui••cent ••a val.r, (v••••IA) and 
,th." olher 01 laS lconlinouJlly r.n_.d ••a vat.r 
(v....l, 8), vi'lhil/an tiow rat.. Both above d••crib.d 
ve•••l.(S,6)(lUver. pre••u'rh.d,> by' .. hydro:-pn.ua..t.ic 
puap,vHh ••a"vater a.vo~king I,luid,. l!r•• corrosion and 
.l.ctroch••tcal t ••l. v.r. ~.rfor••d at various pr•••u,. •• 
(1, ISO. 300 bar) by u.ing .p.ctl!l.n. of ,diff.r.nt 
di.4t11don•• In ' the v••••1A' l1!Lt .p.ct••n. (10xl00x2_l 
v.r. expo••'d lor 144' h. whil. in ve...l 8 .p.ci••n. 
<100xl00xl0 ...) v.re h".rs.d lor I •• and 720 h. Th. volu•• 
of 'c:;orrodv.' '.olut.ion 'p.t expo••d aurfac. v.r. high.r than 
200.lIc.a, and avoid.d anYlLPpr.ctabl. aodificaUon' of th. 
.... 'yat.r co.poailion due to ·th. ,Ior...t.ion of.olubl. 
corro.ion product ••Th.' tot.. l . veigth 10.. of ...,.ci••n. 
corrod.d in r.n.v.d .ea vat.r va•••a.ur.d by gravi••tric 
••t.hod fo11(IVingg l.h. AS'I'H G .l.p.ctfic_lion. . 

Th. t.ot.. l v.ight '10•• of .p.ci••n••xpo••d .in quie.cont 
.... vat.r v,a.' .valu..t.d by ,adding the, allQunt of th. 
oKidat..d ••tala ,both a. .olubl.corro,ton product. and a. 
corrosion product.•. adh.ringt,o' th•.••taUie .urf..c •• Th. 
l .. t •• t,coapound•.w.r. analy••d by X.,.ray diffracto••t.ry 
(Cu a radiation) And by "n..lyt~cal ch••ic!LI ••thod. tfiat 
p.r.itt.d U". ..l.cliv. di.liolut.:lon of various oxtdation 
cOIllPounda wtth .uitable .olv.nt.. whil. th•••tallic ...trtK 
v... di ••olv.d to an.glig..bl•.•Kt.nt. Th••p.ct••n., va.h.d 
vith di.till.d vat.rand tr...t..d vith ••thana I , w.r. 
i_.r.ed in aqu.,ou. glycine .01uUon in ord.r to re.ov. th. 
bivalenl. •• t... la coap0Urul..and, in ..qu.ou. dilut.d ....on1.. 
• olution' to dh.ol". cuprous and aIUllin'''. co.poUnd. 
lolloving a ••t.bOcl d.illl:ribed in r.f .12.13. Calion. and 
anion. or th.' dh'olva" corro,ien product. v.r•••a.ur.d by 
.. toaic-ab.Of'puon fla••:-l.,•.•pect.,r~phot.oa.try (Cu-- ,Cu-. 
Al-·-. Zn-.... Sn-·'), by ..t.o.ic ab.orption fl_. al••ization 
(Na·, Ca--~ Kg·-), by ionic chro_Logr..phy (Cl-, 50.--) and 
by g...claro_t.ogtaph;; (Co.-) . .(l1 ••t.hode. had an accur..cY 
and 	pr.cision belt.r t.han 8 ". 

Th. al.ctroch.aicl.l t•• t..• w.r. p.rfor..d by u.ing. fl .. t 
.p.cl••n. (64 ~az of, aurf..c.) in r.new.d .... wat..r 

(vessel B) and cylindrical specimens <10 em' about of 
surface) in qu~escent .ea water <vessel A). 

Polarization potentiodynamic curves vere carried out at 
a scanning rate of 250 mV/h on .pecim.ns expo.ed 2, 144 and 
720 h .. t v .. riou. O. 150, 300 bar) pr•••ur... Th. 
.l.ctrochemic.. l i.p.danc. va......ur.d by' ••tting the 
.l.ctrode, .xpo••d 2 and 144 h ..t 1 and 300 bar in 
qui••c.nt ••a v ..t.r, to it. Ir•• corro.ion potenti.. l and 
p.rtu~bing it by a 10 .V a.c. pot.ntial. Avid. Ir.quency 
rang. (10 11Hz - ,10 KHz) va. cov.red by, uaing (iv. polnt. 
p.r d.c..d. and di.playing lh.d..ta a. a Nyqui.t plot. (JaZ 
v.r.u. -YR.Z). Fro. th... ..a.ur•••nle lb. corro.ion 
curr.nt d.n.ity and polarization r •• i.tanc. ~... calculat.d. 

R1SQLts AND DISCUS§IOHS 

Fig.2 .hov. that th. v.ight 10•• valu•• obtained Iroa 
.xp.ri••nt. in t.n.v.d and in qut••c.nt ••a vat.r 
.xt.rapol.d to 720 h, incr.a•• wit.h. incr.a,ing hydro.tatic 
pr•••ure. Th. v.igth 10•••• on .p.ci••n. expo.ed in renew.d 
• ... v..t.r are high.r than valu.. obtain.d Iroa .paci••na 
corrod.d in .tatic condition. probably b~c..u•• in thi. ca•• 
.. pr.cipitation 01 .0Ud corrosion product. is pro.ot..d. 
Th. int.rfac. a.t..l/.olution reach•• a high.r concentration 
of oxidalion product.. and a prot.cliv.IU. is loraed th&t 
inhibit. t.h. corro.ion, proc•••. Aho. the i.o_.. valu•• , 
calculated f,o. polarization p.ot.ntiodynaaic curva. alt..t 
144 h of .xpo.ur. in r.n.w.d (tabl•. 1) and, in qui ••cent 
<t..bl. 2) ••a vater eonfir. th. gr...t.r 'corrodibUity of 
th. ..I loy. in dyn...ic condition. and th.ir dilf.rent 
b.h..viourwith th. chang. of hydro.t..tic pr••,ur•• alloy 2 
b.ing aor. influenced. Th. av.rag. carro. ion rat.. ( ••• 
v.ight. lou valu•• , fig.:2 and i __... tabl.!!' I and 4) of 
this alloy i. alao.t doubled when the pr•••ur. r.ach. 
300 bar. while lh. corro.ion r ..t. of the alloy 1 incr...... 
vith about 25... 

Th. ic_.. valu.. of .l.ctrocht.ic..l t ••t. are in good 
..gr••••nt vith th. i........ v .. lu.. calculated froa v.igth 
10•••• (tabl. 3). The .lectroch••ieal re.ult. obl..in.d vitb 
pol ..ri ••d .p.ci••n. can .o••ti... b. diff.r.nt. fra. t.ho•• 
oblain.d in Ir•• corro.ion. 

'PolarizaUon curv.. (fig.3,4) at.' I, 160, 100 .... r 
.lCplain th.gr...ter influence of th. hydro.t..Uc pr•••ur• 
on th. ..lloy 2. that pr••ent. an ace.l.ration 01 bolll 
anodic and c..thodic proc••••••, Th. acc.l.ration 01 tha 
..nodic proc... of alloyl is t.h. ..... than alloy:2 _t 
c..thodic proc... i. al.o.t. unch..ng.d in the pot.."Uat 
do_in of Taf.l r.gion. this for th. whole pr•••ur. rang•• 
Alloy 2 .hov. an incr.ae. in i .. (diffu.ion current.) b.tw••n 
-100 to -IISO.V/AgAgCl (pot..nti ..ldo_iR of oxyg.n 
diffu.ion U.ilcurr.nU. that do.. not in(Ju.nc. th. 
kin.tie· of th. cor'ro.ion proe•••• Thi. proc••• is und.r 
.iK.d control ....hown by .i.il..r v ..lu•• of lh. anodic and 

? 

;' , 
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/ . 	 ~~l~CldiC. Tatel .. slope. Hable. 1-3) .0. re.ult.s are 
Uf\alt'ected, by i"change. The· ...nodic curve ot alloy 1 al 

. ­
, "l.o.phe~ic pre••ure displays, in the range -.200 to 

-1.00 "VII,gAgCI, & hUlllp prob..bly indicating the 
copr.C'ip.lillionot Cu-AI co.pounds. Th;fs hu.p decrea.ses 
wilh incrll!...i~Q,hydr~.t"lic prenu,.. and h... dh..ppea.retl .. t 
300 ."..r."?-b- c~t.ho!!ic curvllil at lba"r ..ho ..how. the 

~ 
.P.~•••ltc" 'ot .oxidation co.pound•• Th.· Hirst p.ak can b. Que 
tei t.h"'""',c:HCII'l r:~acljon : CU... + .-, --,> Cu (J;4). Th••• 
p8!1-ksha,v.e' ,;~UIlPp•."red"t. 300 b ..r .Jb. c ..t.hodic curv.of 
l,h....H~y2 (f,ig.4,"corrod.d ..l ..lao.phericpr•••ure .how. 
.t.wo '. r.ducUI)n' pe..k., . ..t .-300 and . -UO .V/A~AgCI, 
corrlli.PQ~il'fg to t.h.·r.ducUonot CU... and Cu...·co.pound•. 
Wi t.h incr.... i"O .th. hydroal..Uc J)r...ur. t.~. p...k at. 
~50 .V/~g<r1 jli'l!-pp...r., WhU. lh. p...k at. -300 .V/AgAgCI 
It.eo... l.....vid.nt. Th. t ...tur. ot· th. anodic; curv. 
rev....la '•. that t.h., .anodic proc... · h ilt.iaul .. t.ed by lh. 
hYclro.l"Uc,pr.,.ilur.. it. incr...... , .i.nc•.th. T..tel .lop•• 
ci.cr~"'•. and t.~e ..nOdic current..hUtst.ova.rd. higher 
VJLlu... Th.:i. .hitt can b••xpl..in by .. d.cr..... ot t.h. 
e;orroa.ibn ." l"y.rlhickn... ;;ilh 1ncr....1ng pre.iur•. 
Ch••ical ....a1yst. conUr~. t.his .'-gg•• l:1o~, as .how. lig.5 
t.h..t. ... plots ".lal~der . t.h. tcir. ot con"odon producll 
adhering to "lallie; ,url..c•• Th. _in variation at t.h. 
co.position 01 t.h. corrosion l ..yer lor.ed on bolb ..Uoy. i. 
lh•.d.cr...... ot copp.ttr' co.pound. _ount.•. H ..bl •• 5,6) wilh 
inc::r.':.hl!il pt•••ur•• CuO, eu..o. CUCl, copp.r oxyc~lQrid••• 
oxycarbon..t... or oxy.ulph..l.. "I". pr.s.nt ..t .. t.ao.ph.ric 
pr.'.~r.~ While ..t.. 300 b.. r emly hydr"t.ed copp.r co.pound. 
are pre••nl (t...bl. 7) ~ The lor_lion ot hydr..l.d copp.r 
co.pOund. .can perh..ps be . irlhibiled by t.he ',l ow•• l 
hydrat...Ui:!n,ditgr•• ot v.. riou. ions ' .. t. high pr•••ur•• 

Th. ch..nge oflhe Al/Cu andZn/Cu ..lo.ic. r ..t.io (AI/Cu 
troa 0.20 lo 0.40 ..nd Zn/Cu troa 0.06 lo 0.02) in corroaion 
l ..ye... , wit.hi.ncr...llingpr.uure.do nOl .••••alo influ.nc. 
notice..bly lhe p.... ~v..lionabUily ot t.h. corrosion l ..y.r, 
lhe . ,U j)r Zn conc.ntr...lion. ar. t.oo lI.all. Th..t.. t.h. 
covering power 01 lh. p...dv..ticin l ..y.r ill gr...t..r ..t. 1 b..r 
h... t.O . be ..llrlbut..d lo lh. pr•••nc. 01 hydr..t.d copp.r. 
coapoundll pr.cip..h1d on the' pri...ry corroaion l ..yer 
conali lu.d by CUO' and cue1 . 

The lover 1;0rrodibU i ly ot th. ..lloYII .. t. ..l.o.ph.r. 
pr••llute til' confir.ed by th. i.pedance IIp.ct.r.. c ..rri.d out 
on .pllei_n••xpo.ed 2 band 14. h .. l v ..rioull pr••llur•• in 
qui••c.nt. .... i " ..ler. The It..~ valu.. (lranilter ch..rg. 
rlld.lanc.) <Cig.',7), htgh•• t .. t. .. tao.pbllric pr...ur•• 
I .. irly ...gr.. vit.h B,. valu.. (lin...r pol..riz..tion 
re.ht...nc.Ht..bl. 2) ~ .... exp.ct.d, bec..u•• R.. .. and' R,. -y 
be conddered equiv..l.nt" The••• v .. luell d.l.raine the r ..t. 
ot corro.fc:in f ...elton and· ..re r.l..t.d lo t.h••i.ctron 
lran.ter 	~hrough t.h...urt..c•• 

Th. ilipedanc...pectra in lh. low tr.quenci.s do....in 
r.g..rcU,ng t.h..lectron t. ....nsCer· through t.he pasaiv..Uon 

tu. due to the ..dsorption-dellorplion reactions on t.he ril. 
itself, clearly .hoys t.hal lhe fil•• tor.ed ..l· 1 and 
300 bar ..re ditterent. The impedance sp.ct.r.. suggesl. only 
one rel..xation proce.s tor lh. specimens corroded ..l 
300 bar reg..rding the ..dsorption ot ..n inl.r.e.di..l •. species 
tor .x...pl. : Cu(Cl)'" + .- --> Cu(Cl)... ; wfch tor.s 
copper chlorid•. Th. lwo •••icircl•• in lhe low Ir.qu.ncie• 
do...in ot lh. iap.d..nc••p.clr.. CIt .p.cia.n. corroded ..l 
1 bar .ugg••t. .. l l .... l two r.laxaU'on ·proc...... Th. rt rat. 
..pp...r. in t.h...... Irequ.nci•• d_in ... tor .peci.en. 
corrod.d .. t 300 b..r and is' due .t.o t.h. ad.orpt.~on­
de.orption r ...ct.ion. on oxide or chlorid. copp.r 
co.pound., t.h. ..cond .ugg••t.. t.h. tor...tion ot hydr.. t.t.ct. 
co.pound••uch ... hydroxyc..rbon..l •• , hydroxy.ultat... wit.b 
gre..t.r p.... ivat.ing power (15)" 

Th. incr..... 01 the corro.ion r ..l. 01 t.h...lloy. wilh 
incr...sing pr.Uur. i. prob..bly linked lo lh. dill.rel'll 
n ..lur•• 01 lh.corro.ion lay.rs, lh..l al.o ••_ lo .nhancII 
t.he p..rti .. l di...olution 01 copp.r. ... .ho". lig. 8 and 
..tt.ct lh...lloy di ••olution ••chanh.. It. is al.o linked 
t.o t.h. kin.t.ic ot t.h. p..rli .. l di ••olution ot t.h...lloying 
.l._nl. (AI or Zn). The pr•••ur. incr..... can intlu.nce 
lh. solubilit.y ....t.. ot t.h... .l_.nt.. (fig.tn. tbal 
displ..y. the aaounl 01 Al and Zn ..l ditt.r.nt. pr•••ur•• " 
Th. incr..... or Al .olubilit.y wit.h incr.... 1ng pr•••ur. aay 
b. .xpl..ined by t.he d ... lloying ••chanis. propo.ed by Kerr 
and Pryor (16) ..ccording lo which t.h•••l.cliv. di ••olut.ion 
ot t.h••o.l activ••l_ant. (AU .l..k.. pl ..ceunt.i1 thi. 
.l••ent. re"che. t.h. pot.ent.ial' v..lu. 01 th. Bo.l p.... iv. 
.1.menl(Cu)" The incr..... '01 Cu di ••olulion ..1.0 .nhanc•• 
lh. Al di ••olulion, ... contirmed by tig.8 and byd.alloying 
ot· .. lloy 1 (11g.9). Th. I ..clor Z ot t.hi. ligure i. 
d••cribed by lh. r.l..tion.hip 

Z • (AI_~p/Cu.~p) x (Cu./AI.) 

Wh.r. - Al.Mp,(Cu..p) • tol..l ...ount. ot oxid..t..d 

AI. (CU) ••xp.ri••nlly d.t..r.ined. 

- Cu.,<AI.) • Aver..g. percenl..ge ot CU,(Al) iR 

t.h...lloy. 

It i. Ie•• obvious lo .xpl.. in lh. b.h..viour ot .. lloy 2 
b.c..u.... pr.l.r.nti..l copp.r di ••olution t...k•• pl ..ce, wilh 
incr.... ing pr•••ur. (rig.'). 

Th. pot..nti..l equilibriua v ..lu.. or pure .1._Al. 
<..bout -200 .V/AgAgCl lor Cu and -900 .V/AgAgCl lor 1ft) 
.ugge.l .. pr.t.r.nti .. l di ••olution ot In...voide.d by the 
pr•••nc. ot Sn ... contir.ed by t.h. d ...l1oying lac lor v ..l~ 
ot Z&1, .. t ..t.o.ph.ric pr•••ur." 

W1lh incr....ing pr•••ure t.h. _ount. ot Cu oxid..led 
incr...... while lhe Zn _ounl r_in. unchang.d (llg.8). 
Thi. can be .xpl..in.d only !ly th. tor_lion ..t. high 
pr.ssure ot 1••• hydr..ted corrollion producl., wilh l ..lt.tce 
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di••n.ion••or••i.i1art.o ••t.allic Zn. t.hat. can th.r.for. 
inhibit.. it. dissolution. 

COHCLQS I OMS' 

- Exp.r~.ltnt. in t.n_.d ·and qui••c.nl .ea wat.r show a 
good ..gr••••nt. iq::!lpit..of ditl.r.nt .~o.ur. li••• <144 h 
and 720 hl. ". '. " . 

- Th. a'v.c'.ag'::corroaf.on r .. t.. of alloy 1 . (Cu-AU and 
..Uoy 2 . (~';"tn)incr..... vitti incr.... ing hydro.tat.ic 
pr.nur•• th_;'!inCiclJc proc••• 01 th. 1 andbolh anodic and 
CalhodicprooCe.iI,ItIi!,:OI ..Hoy 2 b.ing .i'1hanc.d. 

- Th. i.ncr.a'.e ol ..Uoy. corrodibility ••••• t.o b. 
~inked .to'lh~l•••, .hYdraled.··nature 01 corrosion product. 
lora.d al aiigh pr":sur•• 

- A ti ...lloying·laclor Z h.... b._ c&lculat..d to v.rity a 
pr.r.nnltal,dillltO,I.uUon ph.n_non 01 th. ..Uoy.. This 
laclor is tit,IX_rent to t' wh.n pr.t.r.nUd di..olution at 
aUoying .l•.••ntst..k•• pl ..c•. ..-01' alloy I, Z is )1 in th. 
whol_ pr•••ur.•. rang. and incr.a... vith incr.... ing 
pre..ure. For lh. alloy l~ Z i. <1 ..tat_.ph.ric pr...ur. 
and )1 ..t 160 &nd 300· b&r. t.hu. r.v.aling .. copp.r 
pret.rential dt..oluti1ln ..t hiGh pr•••ur••• 

CAPTUIIS or TABLES 

I - G.. , a... i._.... 8,.--, p". va.lu•• tro.·polari.at\on curv•• 
in qui••cent ••a val.r (1 .... Ii .xP.o.ur.).

2 - B.; I.. i __r • p".-'. p". valu•• 11'0. pol..ri.ation curv•• 
in .ren.ved ••a vat.r (1.... h .xpo.ur••• 

a - Coapari.on tI.tv••n i ........ valu•• Iro. v.iglh 10•• and 
pol..ri·z..tion curv••• 

.. - B•• a..~ i._r , p".-',.p". v .. lu•• 11'0. polari.ation curv•• 
in r.nev.d .... vat.r (720 h .xP0.ur.). 

6 - Corro.ion product. (~g.c.-.) 01 .p.ci••n••xPos.d in 
r.n.ved ........t ... C720 h .xP0.ur.L 

6 - CorrostoQ product.(~g.c.-I) 01 .p.cha_. expo••d in 
qui.sc.nt· .... v&t.r (1 .. 4 h .xP0.ur.), 

7 - c:orro!ilion proclucl. X ray dillr..clo..tric analysi •. 

CAPtIONS IF FlGQMS 

. 1 - Specilllllln. *acpo.ur. in t"1IIIMf_d ••a vat..r app..ralus • 
2 - W.ight lo•••• ·v..l ..... in r ___d ,and qui••c.nt .... 

vat..r. 
3 - Polari~..tlon curv•• 01 alloy lin ren.v.d ••a v .. t.r ..t 

1. 150 a.n4 300 b ..r. 
4 - P~lar.haliol1 curv•• 01 ..11oy 2 1n r.n.v.d .... vat.r .. t 

1. 150 a.nd 300 bar. . 
5 - Corro.ion'praducll v.iGht and Cu' ...ounl in r.new.d and 

qui.,c;ent ••• v .. t.r at dutitritnt pr•••ur... . 
6 - Iapedance .p.ctr.. of alloy 1 at 1 and 300 bar • 

7 - I.p.danc••p.ctra of alloy 2 at 1 and 300 bar. 
8 - Cu. 1.1 and Zn oxidat.d alllount at various pr.ssur.s. 
S - o...Uoyingf..clor Z a. a funcUon of hydro.l..tic 

pr•••ur••. 
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.­
,, ­ ,- ­~' ,p Dc lcorrAlloy Ecorr Rp-l RpB"iIlV/dee mV/deeba:r mVmAl.' mA/V.' KOcm' 

, 1 r 
 58.0 
 -174 ,IS .6 -203 830 12,00
i27.0ISO -307 16.01 l 430-89 6.99 

300 22.0 -270 19.0 2152-100 4.65 

56.61 -70 ' 6909.4 -234 14.49 
2 150 56.6 -86 15.1 -no 1142 8.76 

, JOO, 25.3 -so 17.3 -225 2372 4.21

~' T	..bl. 1-' B... ~e. lcorr. ftp'-l. Rp valu•• frora pol ..ri ... tion 
curv•• inqui,••~.nt .... ,v.. t.r (144 h .xpo.ur.). 

! 
" ! 

AlIQY P 
bar 

a.. 
.V/d.c 

8e 
.V/d.e 

ieorr 
,aA/.1 

£eort 
.V 

Rp-l 
' aA/V.' 

~ 
' Ki"Ie.1 

1 
1 

15C! 
100 

.2.5 :"20. ft.4, .. -307 933 10.7 

2 
1 

ISO 
1.0 

12.,5 -10. 17.7 -20,9 1027 9.7 

I T .. bl. '2 - B... Be. icorr. Rp-l. Rp v..lue. froa pol ..ri ... tion 
curve. in r,enev.d .ea v .. ter (144 h ..xpo.ure). 

Alloy 

1 

2 

P iC,errtr·_ 
bar pol .. r V.L 

1 15.' 11.1 
150 18.0 '17.8, 
380 IS,•• 20.' 

1 9.4 •. 3 
ISO 15.1 11.7 
100 17.3 1•• 5 

-

I 	 T .. ble 3 - Co.pari.on betveen 
i __... va,lue. (roa veigth 10•• 

! 
~ andpol..riz.. tion curve•• 

! 
! 

Alloy P 
.... r 

S .. 
."/dee 

8e 
aV/dee 

ieorr 
mAla' 

Ecorr 
.V 

Rp-l
aA/V.· 

lip
Meal 

1 
1 

IS,O 
300 

'15.0 
51.5 

,,62.,11 

-6. 
-611 
-11 

2.1 
2.1 

21.1 

-241 
-2U 
-214 

133 
ISS 

182,a 

75.2 
.... 5 
5.5 

2 
1 

ISO 
300 

.. ,A 
40.8 
0.3 

-210 
-1" 
-32 

3.8 
4.2 
5.9 

-213 
;'250 
-224 

145 
319 
737 

68.7 
'26,3 
13.6 

% T .. ble 4 - aa; Be. icorr. Rp-L Rp v .. lues froa polarisation 
curves in r'en.wed .ea v .. ler (120 h el<posur.). 

t.. 
i
: 
IIIIIiiii. 

'--, ­
ieorr ,Alloy lila 'Be EeorrP Rp-1 ,RpaA/.­.V/dee .V/deebar mV ,.A/V.­ K,O"" 

,is.6-17(58.01 -203 830 12.00 
16.0-307150 27.0 -891 1430, 
111.0'22.0 -270 -faa300 :21S2 ",65 

' 890-70 -2341 S6.6 t." 1".49 
15.1 -230150 sa.6 -682 1142 , ,6.78 

25.,3 -SO300 -22517.. 1 , :un ".il 
T .. bl. 1 - B... Bc. icorr. Rp-l, Rp v.. lu•• froa pol ..ri ...tion 

curv•• ,in quie.cent .... v .. ter (144 h .xpolur.). 

Alloy 

1 

2 

P 
b .. r 

1 
15,0 
300 

,I 
ISO 
300 

S .. 
.V/dee 

.2.5 

U.S 

8e 
.V/••e 

-20e 

-109 

ieorr 
mAl.' 

1••4, 

17.7 

lEeo'rr 
' IiIV 

-207 

-20t 

Itp-l 
mAl V.' 

tn 

1027 

'Rp 
,Jtl'llal 

1.07 

0.87 

Tabl. 2 :- e ... Bc. icorr. Rp-l. Rp value. froa polarflatton 
curv•• in reneved .ea vat.r (144 h expo.ure). 

Alloy 'p ieorr fr_ 
b .. r polar V.L 

1 15.' 17.1 
1 150 16.0 17.8 

300 19.0 20.' 

1 11.4 •• 3 
2 150 15.1 11.7

30' 17.3 11.5 

Table 3 - Coaparilen bet..e., 
i.~~ value. froa veigth 1••• 
...rut polarization curv•• ; 

Alloy P 
".r 

8& 
aV/••e 

Be 
aV/.ee 

ieorr, 
mAl.' 

, . 
Eeorr 

aV 
"p-l

mA/V.1 
Rp 

ICI'lIaI 

1 
1 

150 
300 

15.0 
57.5 
52.8 

-18 
-68 
-71 

2.1 
2.1 

2'.1 

-241 
-zza 
-214 

133 
155 

18211 

1.52 ! 
•• 45 
5 .... i 

2 
1 

ISO 
300 

86.0 
..0.8 
43.3 

-210 
-74 
-32 

3.8 
4.2 
5.a 

-213 
-250 
-224 

145 
311 
737 

..." 
2.63

13.se ' 

T .. ble .. - a ... Be:, icorr, Rp-l. Rp v .. lues fro. pol .. risation 
curves in renewed s.a waler (120 h .xposur.). 
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0.20 

11.15 

G,i0 

0.05 

!IIgklll"2 
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__ ___ ......... ____.._.----. ___ .. _.i_~ 

...._-:: ...... ""..,,.;. ............-;;;: 

---1--...·------------~·-=--··--

P bar 1 

Alloy 1 

150 300 1 

Alloy 2 

150 300 

Cu+ 8.35 2.95 2.115 1'1',.86 12.25 6.&0 

Cu++ 9.82 '.49 4.10 3.57 3;10 2.00 

1.1+++ I.,. 0.32 1,.10 ._---­ ----­
Kg++ 1.2. 1.10 

,; 

"40 ----­ ' O.to O.e' 
Ca++ ----­ ----­ ----­ ----­ ----­ ---­
In++ ----­ ----­ ----­ 1.11 0.47 0.10 

8n)2+ ----­ ----­ ----­ O.tT 2.to -----. 
CI­ 0.04 ----­ ----­ 3.58 0.011 1.20 

8042­ ----­ ----­ ----­ 0.15 ----­ ----.... 

COJa­ ----­ 0.20 0.35 ----­ 0.20 ' 0.10 

0.001 I I 
o 50 100 150, 200 25G bii' 300 

i,-,·••. 
Figure 5 - Corrosion product. ".ight. ,jUld Cu' ....ount., in Tallol. 6 - Corrl3aion product. ("g.e.- I ) of ap.ci..n. 'expo.""r.n.w.d. ~quie.c.nt.;-••• w..t.r.------ Ca'" + CU"",... in qui••cent ••• _t..r (144 h expo.ure). _ ~ +CU""... +.,1 (or' In>r 

...lloy 1 ' "'UGY it • 

P ,bar I 150 300 1 ISO 300 

Cu+ 57.02 52.00 7.30 n.40 211.00 2.00 

Cu++ 15.51 27.00 54.10 200.00 ••• 00 35~'0 

1.1+++ 4.'8 5.20 2.50 --""'-­ ----­ -----
Hg++ •• 87 li ...o 23.70 11."0 1.10 3.20 

Ca++ ....---­ 2.50 ---­ ----­ l.50 

Zn++ ----­ ....---­ ----­ 3.64 1.70 o.eo 

"'>2+ ---­ ....---­ ----­ ----­ ----­ -----
Cl­ 10.111 50.00 8.52 20.10 24.00 1.10 

1041­ n.30 27.00 ,9.90 25.0 5.4 1.0 

con;. ".50 5.50 ----­ •. 5 3.0 ---- ­ I 

Alloy P 
bar 

co.pounds td.nttCt.d 

1 CuCl. CuO. Cu20, CuS04.5H20. CuC03.CuUJHU. 
Hg.... 12COUOHU •• "H20. AHOHn 

1 150 CuCl. CuO. Cu20, AI0COH) 
KgG...lICO'(0H)1....H20 

300 CUC!. CuO. Cu2~ 

I CuCt. CUO. Cu20. CuS04.I5H20. CuC03.Cu(clU2 

2 150 Cuel. Cuo.CuIO. CuliOC.5H20 

100 ne _pounds 

Tabl. 7 - Corrosion producls X ray diCCraclo.elric analy.1 •• 

Table 5 - CorrIn iGI\ producls (j.lliI. c.-a> oC sp.ci••n. expos.d 
in r.n.wed s.a waler (720 h .xposur.', 

I 
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Fi,gure • - I..,edance I liIec\ra' ot aUoy l' It,t land 300 bar. 
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Figure e - Cu, Aland Zn oxidated .tolal .-unt. Quie.cent. 
.... vater, 144 h.--+--+ Cu,-~-~ Al or Zn. ______ AI4OY'I, 
---;..-- Alloy 2. 

2. 5. . 
"'cl'2 

2.0+ ..... ..".------.---..~--..--.--..--".~..--.~..~--./~/.. . 

t. 0, _...... 
..---.-..-.....-......*..........-..-.-~..----.---..."* 
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P.Spin~lli.' Polite.cnicodl Torino. Italy 

t 
ABSTRACT 

LOng t.ni testinll ~ evaluat. the ,rotectiv. eff.ctiveness of 
....anic coatinilS of c"ridensertubes has bt.n ...rfo....d on al..-ini..-' 
.....ss. Cu9Of1ilO and C1I7OH.130 i" a ctrcul.ti", loop ullnll a l.51 sMi.. ­
chloride .solution. SlIrfa,. chara,t.r1zatll11 was obtained b, ..ans of 
illtttllailci MaSIlTlMnts. The r....lts indicated that the .lectrical 
,apaci.ty isa ttOd par..-tll' for .valuatlll11 the effectiv.ness of the 
coatinll. " '41sclisslon on the interpr.tation of i-..tdanc:ellata for 
practical .s'ys~ i. reported. ' 

. INTROOUCTIOII 

Corrosilllprevention of copper ano,s tulles of thel"lllll anll nuclear! 
POWI' pla"tsc.ndensers ."dof h.at ••changers op.rat.d -In se• .-ter. 
MY be obtainN. both by thl addltiClfl of inhlbl~ors to the operatt", 
flllid, and by lnttlrllal coatlll11 of th!I tubes. 

. '.' 

In the first case the cooHnll liquid Is treated by addition with a 
flrl'ellsult(1) .r by lIissollltlC1f1 .f Iron ano4es (2), another possibl­
.lit, h ,1ftllll, the. a.d4ttloi1 of corrolio~ "atitbitors such as lI",zo­

trluol. (l). III floth cu•.s tIM s'otM is tq .btaln.• ea.pact fn• .., 
the 1riternil surfaCl of the ~ 10 that. barrier is . fofllld b.twltn 

the lletal I,nd the aggressive envlr'lIIIInt. which in turn would not 
reduce. heat transfer, 

The addjti"n of ferrous salts .to the cooling water 1s vel', ca..on 
In' pOwer plants.' bperi,nce showed that a 1101'1 compact fn. can be 

obtained by .eans of "TaprollgeM s,stllll, The principal dratolback, which 

fs encountered when inhibitors are employed, ;5 due to the fact that 

~ , 

nonnally the 'protective film is not completely compact over the whole 

surface, thus favour'ing the possible fQl'IiIationof 10caHze~ attacks. 
In the second case the protective action consists in applying an 

organic produdon the tube surface whiehaHaws • very good electrical 
insul.tion b.twe.n the base _ta) and the CQol1", fluid. It is knoM, 

that an orllank coati", prot.cts the the underlyinll _tal b~$icdi, 
behavinll as a barrier against wat.r. oQllln, .'ons. In ....CUIS 
the coatinll servIS as an lnhibitors'ourC•• t1IiIs ,..,rovinll its prouctl ­
v. df'j;tiven.s.s. Protection of such barri.r is ....ced b,increasing, 
the coaUng thickn.Ss and b, the addition of pi...nts and add\t1v.. 
..ich l.ngth.n the diffllsion path for water and olftetl. .Nowtv.... tM 

u...f orllanic coati",s does not c;oIIIIIl.tel, .11.iute corrosion pile""" 

_ ull ....tl_s it onl, reprtslllts a tI!IIporlry rtM'll,y with tM 
ponillint, .f potential corrosion .probl ... 

TM .ast CllliOn ullur coating foria or corrosi" art: blisterl",. 
earlyrusti",. fluh, rustill9. anodic undel'l!lll1i"l. ftltf.1'I!I corrol1_, 
cathodic delMiution. Anoth.r drlttlback ofeoaU",s '.tell ., lie 

rel.tH to corrosion is the l.ck .f adheslon. 
J, ... 

Intem.l coattnlls ."O."....n, ,rtf.rabl•• e.p.rwi' to the 
trt.t.tnt of the cool 1 nil fluid bec~se in prtllct,l•.th.y allow .ar• 
controlled surf.c. fl1~ ~th a v.ry low pOrosity. Fro. an .c~ical 

point of villll an advantage of orgoie coattng. reSIICt to f.rroul salt 
or i,nhibitors addition, is that the coating lIlY b. assodated with less 
nGbl. _tals, at least for h.at exchane.rs. thus obtainillg a savini of 
rlleUrces and decr.aHII costs for subsidiary plants. 

Ou. to the .....rk.bl. Industrial lnt.rest.of the orll.nlc co.ti.,I· 
and ~lso to the pr.unce of .rolton-corrosion ~ CIfI the int'rNl 
surfaet of the tubes in & ...n retlon .f the c....nser 'Of .... ElEL 

pll1'lts. .... coated tubes WI" eperated (5) in ord.r to .valtl.t. * 
bellaviour of c_rdal pl'l4ucts ... their .ff.ctl....ss ill ,rtvtnti.. '.' 

such· .,robl... That preU.ln.ry invesUllation shewtd tM rls. of 
specUlc probletlS of prot.ctiv. cbatings outl(ned .bDv.. Thus a 

research prOllraii wu initiated with the .al. of characterizinll the 

porosity of cQgDIrclal products for coating and dev.lopinll an 
electrochemical technique for on-line monitorillll of the .ffectlveness 

of the coating. 
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I 
: O\,Ie ... to 'tlte.111\lh~lRt\".1c r~$i$tilrt!;e ""ll1e of ol good Qrgoln1c 

eQ4ting. ~~hQI)$e to. el\lPlol .,c. te<:hn\que$. $0 it is po!!!!i!!le to 

h",e,Utah ·Ute b.l\,vio14t' of tbe .t.l-colthlg"sol~tiQri ii'tte.rpli.a$eand 

J 
I, to "tiIMt!i life p~,.tti~neff.etiy.lifl$$ Qf the ,oathig b)' tll'lploring 

the ....~tt;c,Jtechrltqlie 9f equt".1,nt <:1 ri;\li t ',\liul.ticm. It ""It be 
nott'cttti~t ••c:.~~14~s.·· .t,lrougble,skllCiWn ttI,n \h, _thOds basad 01'1 

DQl.l'.il;.:tlcm..:....$\'t..oC:'(61~'.r. 'I'!C:Oun~rt,,~ wtde Ipread IppHcationl 
for tbtslt1n~of probl..,. ;'rtteYl.r1)' in the case of passive fn",s 

(7) an4eerr,'i0ll1rillfbiter$ lI4th for'l'Ofl "" ...teri.h ('land for 

c..,,'r'll.~(t" A ~r'he"l1Ye rev'••f pe"Ul. _licati" of ,l •. c~tcC:lI;ni...a U the ..:Illit'''1"1 ef «rra.,1on' ,rettSSe' is siven '" 
(10).

I, 
£lP~lMElltN.


I 'eMr.1 r""~$; . 


In the pre"ntworlctbe behuiou!'of tl1ree copper alloJS: al.'nl.. 

br.ss. cupronlck,l 90/10. and cup~'clcel 70/10 "I i nv.st.l gated. The.. 

.110rsaN\ no....lly ...loyedin t/le condensers co.oled with "I. water of 
EJI£L therUl power plants.t 

I 
,• All· theex_ined Ipechltns IIIIre ob~inedfr_ condHaer tubes 

stock. The ·inurnal d1_ter of the tubes was 19 M and the. th'ckness 
was 2 M. 

TIM! ·coatilllMs been carried .0111: by SXCMHfH witb C.rrollex 7156. . .' . 

This product WAJehosen '"'til because it wasprevioally."lied to a 

I 
..11 ntIIIber ef canllenur tubes: ef unit 4 of the Fusina ,...r ,1Mt, 

an4 for its availabUity in Italy. lheproductwas ..nully IlAllied 

Mcause the SPlctlllftS len,th (55 M) did not .now the u.. of lutouttc 
precess iliveloPed. by SE~ for plant applicatiOl! 1IIhe.. the IIIhole ~. 

~ length Ii concerned. 

The cOIUng,the average: thicklltS$ of which is 200 ... g_rally 

did notpresent.'croporQs1ty leading to the fonnat1on of preferential~ paths. 

TWo series of tests bave been carried out under the followfng 

operat1ngcondiUons; The electr~lyte W<lS a 3.5 wUN,aCl solution, tbe 

temperature was 35 DC and the flow rate W<lS 1 ro/s in all the three -I 
•, 
• 

brancbes of the loop. Tbe first series of tests gave rise to· some· 
diffh:ulties relating to. cOolting deposition. which was Umlted to. the . 

lnternoll $urface of the tube and to the two bases. ·Ouring cen 
as,e~ly, the non perfect adherence of the orlanicproduct to the base. 
caused in SOle cases local detachlent of the co.tlnl. This was firltl)'· 

realized b), the comparison of the diffe..t a.C. responses .nd. it was 
sueseQuently ~onfil"lltd by visual inapectionlijlltch .clearly iridicated· 

that the responSeS close to those of .. ideal 'capacitor corresponded to 

the undaaated Ipeci.ns.Mler..1 urklll shiftS fro. such behav'Mr 

refe.rred to speet"ns the teathit ef lIIhich hall lMell ..~ic.anr 
~ed lIurin • ..unttllg. 

After realizing that coatiIII of the twbe ~el .... rather critiCal. 

... tried to el1.inate prolllas c_i", fro. IIOUntinl by jlartiallr 

exteedinl the coatirIG t. tM external lurface for ~t 1 CII. in ....r 

to· alsure ., continuity of the fn•. Tllese spec'"'''' ..re·k'" of 
...,loyed in the lecond Hries ef telts. As a result l1li el1.'nated the 

IIr-.back of electrical ceup11", .f the 1nterAil and exterllal surface .f 

the tube caused by nOn ,erfect IHH", of the cell. This is br 110 ....I 

a .illor probl_ because ill the cue of lOl!l terti teltl a ..chuical 
lettlihg of the celli.., eccur with the poillbility of electrolyte 

solution leaka... even if at the Mglllni", thIi Halinllrltea lIid M't 

leak at all. The IlICreasa In concentratiOll of the leaked aolut'en, He 
to evaporation, . .., d-.. for 10lIl exposures the protective coatilll. 

111 this work a overhead ..al srstea.s ll1iti.Ur ..sed, wid! was 

chanled for tile lteend Ieriel ef tests te lateral surface HaUIII. This 

srst.. has been tested for ........ths proving to 1M """ re11.o1e, 111 
fact no leakage was .served. 

, The effect of electric COUPlilll betNeea the 'nternal an4 external 

lurface is reported ill taltle 1. MIlch shows how iaportalltis the ne.d 

for a very 1004 electric llsulatien of the exte...al lurface of the 
speet..n whu quantitative evaluation of the behaviour of the coatin. 

Is required. 8y observing the 4th colUMn In table 1. it can be seu 

that the phase anile is·..rkedlr shifted fro. the .beha"tour of an 

alMst . ideal capacitor which should live -90·. We can also add that 

.icrographic eXUllnation of internal zone.of the tube did not present 
any damage and the aetal surface did not undergo any corrosion process. 
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Ele~tr.9~hell!i~al llieasurements , ElectrocheRIical illljled'!.nce lI'Ieasurlllents were c~"ried out b, lIIans of 

tbeE&IoG. c~uttri~,d Iilystem '"cludinll IIOd. 173potentiosut with IIOd. 
216 interf&c" .•• arid~.· 5206 ·lock.dnMPl tfter .. The potentlostat had 

I beenllOptfi"'t9 "rfo", lQIIg.l$tancelll!&$ur_ntsby the four wires 
. . " .•':'.~< "... . ".:. i'~ . - ';" 	 .: :", . ,'. '. ." 'c '-'" . 

techniqlll aec;.oreling tothl"'I!ufacturer }ndications. Th15 was required 

beeau.. th",co.u,cti~c.~les}"ere about 5. ·long.• 	 ·All . the ....sur~nts "'re carr.lld Ol,lt .l,IRder pottntlostattC 
conf1gllr.tion 'as req~t.red bY; 1IOd. 361jl AC,sofbfilrlof EGIG.written in, 

I 
"Pasc.al" for Applelle'cG!lputers. Two version of this software were 
II\IIIloled. thefirstoqe for .ratiori at.thl uxi.i_" frequency.of 100 

. kHz. the. second, one at ~e .xi_ ferquenCl· OfZOkHz. 

I 
'erierall'tJ\e frequen,eJ rangi(ZO. 5] kHz.. used. The 11gnal 

ailplttude (. 4 !!IV) was ftxe4beforl tiM testS for aU the frequencies. 
, This waslMce~Slry becaul.e for .the Ibovldescribed equl.,...nt 1t Is not' 
posslbllto changl b,v.,oftWare \:tI. output level 0.1 the osc111ator

• 	 signal. SOIIttestl were perfonied starti.. frOlllthe IIPper frequenCl of 

I 	
60 k~~. s.. other tests.were run at the l_i- frequency' of 10 Hz. 

.Thesetelts pointed out. th~t the ~tertzed IYSte. properl, operates 

down to thl l~rfrequency of 300 ttl. "low .this value the increase in 
the ilillfleelance I!Qllulul drastically redllCes the current flowing throught the sy~t•• bringing up s.. difficulties In the Masur....nt probably 
due to. non epti_ sllection of the potentiostat curr.nt range. Thi& , 	 has been. verifledb1 etlployingthe Frequency Response . Analyser 

Solartron I!Qd •. 1152 and by varying the . current range. The best res... lts , 	 WIre obtained .....en the ..as.ur_nts we~perforMd start:!ng fro. the 1 

I 
M ·~ang•• This flct indicltes that the above outlined problea,. .....lch 

IiUst be seriously taken into account for a correct interpretatiol'l of 
the experi_ntel dau, are onlyapplrent and MUst he reported to the 

I 
non speci.fictty. of the aVlilable sofblare Mlich . has been developed for 

general. use.. JI\c:Ireovet su~b softwaredoes not allow an effective 
Organization of. the· eii:perillental data fn.sand.. their subsequent 

i 
~fflclent nWle~'c&l prQcessing. For these reasons, 11ft! decided to 
develop a soft-nellOre adeql,late to our.experillK!ntal conditions, parti ­
cullrly witb the aim,of a IIQre efficient data organization. 

I 

I 

D 

In the first series of tests some impedance measurements ln the 
range [II, .1] Hz were carried out by means of the· Fast Fourier 
Transform (FFT) technique as implemented in EGIG mod. 368 At software. 
The results were not ver, encouraglng because the rea.l par.t of .the 

impedance, in contrast with lts ph,.lcalllNllil\g,c:asuall, took 
negative values, as shown in table Z. This could be attributld to the 

very low valul of the electrlc currl.nt O.ISS thlNl 1 nA) and to the 
. . 

nlllierical processing of the response•. Howevlr. thb kind of 
lIIasurllllHl~ts gtves useful infol'll&tion on ~Id.c. res1stucl . of thl 

o • 	 '.,'.. .' • 

coaUng. For the EGaG s,st.. the fFT technt.que ...,lo¥s • d.c, voltatl 
within thl rlNlge [-10, 10]·.V and carries.out the ~l,sis of" the 
current I(t), due to .thl fact that the appltld voltagl ts thl s~ of 
fbed n-':ler of alternaURi signals having selected frequencles.OnI 
faetto bl pointed out til our experi"nu 15 thet it 15pracUcally 
i!lposslble to polarize the SllllPll at the corrosiOn pottnt'ai. beQue 
this potenttal is not Win defined. 

The circulatlng loop 

Every Cln, fill. I, holels fbe speci_ns of the 1__ttirial and a 

saturated cll-.l reference electrode. In the present wort_two of thl 
five speCi liens were coattd. The inttrnal surfaca .f the uncoat" 
speci..ns has been Mchanica11y polished up ton. 200 ..ry· paper 
before the tests. The uncoated suplls it the two ends If the . cell were 
connected to i~rov. the current dlnslty distribution, and' WIfe 

e.ployed as counterelectrode. The third uncoated speci-.n -as used for 

evaluatlng the protective effectiveness of the ·or.,aRlccoating. 
_The circullting loop in polipropilene is illustratld ift fig. Z. It 

incorporates three parallel branches, a bY-PIII, a IJUIIP. SlIM ....r.... 
and on-off valves. We chose a _gnetica11y driven PUIIp to e".inlte thl 
Ha11ng probl .., The JIUIIIP capac1ty WlS 10 wrl'h with I cI,vn_H: head .f 
i.5 II. It allows a lI&Xi_ flow rate of 3 rals 01\ the three branches. 

An externel theNOst.at having a vol.. of 301 served for 
tetnperature control through a glass heat exchanger. Under these 
conditions we could elillina~e the heat generltedby the pu.p allciwing a 
minimum operating temperature of 30 -c. At the highest point of the 
loop a resistivity level control was inserted for protecting the entire 
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systl!lll. Flow-meters .. on every branch indicated the flow rate, which 
required. very low degree of adjustment over the time, 

/ 

INTERPHASE '~l!CTRIC' EQUIVALENT 

I.tis,j;..., that the c:haracteriz.tton ofthibeha,,1our of the 
cOiting andtltinfo,.. the 1nterpr.tation of thelxp.rt.ntal ,r.sults 
rlquire a ic;tt...tiutJonof the ..tal/coating/"lctrolyte 1nterphase 
for tak'ng into ICCQ!Ant .therlsponseto a ~dn. "v. _dulI,tton of the 
.'lctrodlvoltq••, Tothh ai.a n"'r. ofllod.Is haveb ••" proposed in 
thlliteratur. (11). which, should IGcountfor the. ·.leetr.!lc_tcal 
_c:hanillll . of the corrosion proc.ss. Part1cularl~.for a protective 
coating or for a .pantv"ay.r. by considering that these fl1l1SalWays 
pr.s.nta ~erta1n .icroporos1tJ', it should s ... a good approach the 
H ... ·trlnSi!l1ss1on IIod:el besecl9l1 a cont1nous distribution of. the

! par_ter:$, .H....V.f. io ihe presentw••. on. the . basis of 
cons1dera.t.tons "Igarding tilt th.1ckness va1.u, of til. coating. 
• tcroscopte 'X..iNt1011 of the speciMns. and the results of the 
t.,.dancI . _asur....nts.',.. chos,th. el.ctric eQuivallnt ctrcuit 
r'port.d tn ftg. 3. Thet.,.de~.Z of the d1pol•.shown in fig. 3 ts 
ca.posed of three .•l_nts. Ils (.lectrolJte resistanc.).C (capacitancI 
of the coat'ng).and Rneat res'stanc.I.The l.ak . r.sistanc. R 
accounts for the fact that on an.lectr:ical blsis. the capac 1 tor C 
IxMbits a phase value slightly dtffei'entfrom the ideal -90- va1u•. 

Allth. lIIasU.......t~ conc:....n'ng.sp.cillells without el.ctr'c coupling 
between the 'nterna1 and .•xternalsurface,gave phase valu.sv.ry c10s.· 
to -go-. It.is so v.r, dUfiel/ltto state if the slight differ.nc. frOll 
the id.al tr.nd corr.spondi to a real behaviour of the electroc_teal 
syst_ or IlllUst. bl attrib..tecl to P.IIt ..uureeent .rrors. Howev.r. .. 
can Ifft,. .that such situat10n does not dep.nd on the non s1_Itaneous

I' '. 

record1ng of the . current and voltage sigllals, because the 

'\ 
.l.ctroch.lllical syst_does not undergo any changll on p"lari~at10n 1n 
the absence Of corrosive processes IS previousl, outlined. 

We can say. qual1tattv.'y. also ..on the base of sOllIe d;c:.· 
measurements which .videncedthe extr_ly low value of the current 

.\ 

density in spUe of the high polarization value,of the order of 1 V; 

that the higher is the leak resistan~e value th~· .ost satisfying" 
resultstbecoat1ng behaviour. This point is confi,..d by the fact. that 
it is not possible to detel'llline a untque opencirclItt.electr.ode 
potent'.l in the abs.nc. o.f Il.ctrolyte 'Iak.p. In fact • h'lh' 
porosity ~.lue favours dU. tothl fo....ttoft·of ,reflrlntialplths. an 
.xtend~d contact b ....n thl bUI "tallftl( tilt 'lectro.1Jt;e .' IOlutton. 
thus increasing· tilt contrtbuttonof :tbe ba", _tal .~ th. ov.r.U 
hllp.d~c.. Und.r tho. conditiolls I .ft_ ..l. of \f\e open circutt 

pot.nt,., is obtain.d. TMillPOssibtliuof -.uuring tlti op." circuit 
potential forcoated.pec1_ns ctoesnot COIIHllt. ~.•10, the 
tnt.rrupter ..thod·forlvaluattngtha d1fflrlnt1al~cttanc. of the 

int.rphas•• 
Such a sttuation can be physicall, repreHiltd., _ ,rellpar"nll 

caplcitor's (12). In fact the bare ..tal ischarlcte,1Ze4l1.r a~r, I. 
'valu. of tilt transf.r resistancI (13). When tt)tcoatilil porostt, Is 

such that no lItIflrantial pathts forwclor i.hen. the Ixtent Qf . surfaca 

porosity is MtlH,'bll r.sp.ct to tilt total .surf.a.it is by,no .....s 
an eU" task to nYul the pres.ncaof defects II, .....s of ,.,.unc• 
••su....ats onl" because th., conutna gl.al· r.sponse of,· the 
syst... 

It 15 our opinion that quantiuttve Ivaluation r.quires the 

de·finttion of .... standards It difflrent dlgr" of porostt,to be abl. 
to indic.t. an Il.ctr.ic .quivallnt of the .1lctrodM!aical s,pt.. for 
best fitting of .xperi.-ntal d.ta. WI are allO convince4 thatth. 
si.,le .l.ctric sch... of fig. 3 is ver, useful forth'pract'cal n••d 
of d.fin~ng a non _'guous perllllt.r for charactlriztng th.protect'v. 
coat'ng. 

RESULTS AND OISCUSSION 

A typ1cal trend ofth. Z'=Z·(-Z·) curvis.Z'betngthlreal· part 
and Z· the 1maginary part of the t.,.danc. Z, conc.rn1ng the thr•• 
differentllltirials Albrass. cupron1ebl go/10, and cupron1ck.l 70/30,
is reported tn fig. 4 whtch sb~ thl Nyquistd1lgrUl on the· ~rgand 
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, plalle l~,~z.,-, This figurll in4:icates that in the freQlleRcy range [20, 5] 
kKt, the ..ealpar~of,the illlPe'daoc~ can reasonably cons1derlldb, 
con~b"t.This "a!ls.' that tl\e,lectric cllrrent is cOmpletely non­
far~cI"~.confl"'i!l9,' tll,e vd1cUty.oftfle circuit reported 'n fig. 3.a~ .tto...ov.r·,."th".,v~ry.10lW:val.IIJ$. ot: the. transf.r, res1.stUlce fOr the .thre.r uncoat~ ~ttri.1s sugge,$t the corr.ctn.ss of the lIO.delchosen for 
co~t.d ..ct"ns. This fact can b.d'scussedon the· bas's of.att pr.~t.....tyr.ported on the pr.sence of d.fects related to the porosity 
ofth.~'tinli. We, Can ther.fore accept the general obse.rvat'on that at 

Mlh .f.r~lI~teS. ~el.ctrochlf!l'cal pro"ss can be ~ct1v~ted. because 
the p~es.cal'lllot follOW the external lIOdulat1on• 

.Thep.urPo!Sl! of the ..asur...nts perf01!'lll.d .on·.uneoated,pectllllnswas~ . to 'cOl!!ParetM interph,"Secapad.tanc. valuas 1n.order to .videnc. the 

J 
:. . '. . '. . 

• ff.ct of th. protecthe coaUng and~ 4.te,.ine the o.ic drop •. Wltch 
was obtat.1'!t4bythe>el.:tr~lation ..thOd (14) as rePorted in fig. 5 , sbowing three ofth. ex.'ned'cases. It was experiMlrt.ally vermed. as 
illustrated. in fig. 6•. that 1t 11 not possible to obtain a good value 
of theo""c drop on the coatedspect.."se"n for frequ.ncies in the, range (60. 20] kHz.. 

Curv.s I.Z,and 3:1n fig. 7 show the Z'.z.'(-Z·) trend for the three 
coated' .sp.cillellsandref.r to Masllr...nts tak.n til the second seri.s 
of tests af~r 30 4ays. of loop ilp~ratton. 

fig. 8 illustrates the d1ffer.nce between the behaviour of a speet­
..n with no coupHng of tntlrna' and external surface.' curve 1. and .the 
b.havtour;·of a spec1.... on Wlich such coupling occurred .• curve 2; 

,
.' , ~ M .!t.lIIPle· of ,the evaluaUonof the interpNH capacity by the 

estrapill.t10n ..tbod. in the case of a coated spec'Mn, Is illustrated 
in fii. 9. I::or. untoatedspectMns.the cIPlc1tybu b••lI .valuated by 
solv1!!11 for .very f~ql!end.s. thetMo Si~'tan.ollsequat1ons gtven·by 

a 
,(I the ·rial and ' ..... 1nar,y part of the ~1IPe4_e. 

figs. 10. n, 12 cOllP.r~ the .trene of the capa~it1 values with t'M 
for coated and uncoated spec1i1ellS. 

Lastly figs. 13. 14. 15 report the ulues of the leak resistance 
. and of the transfer resistance as a function of time. 

n is of SOllIe interest to note that a 10Wir value of the leak 
resistance does not reflect an illlPortant chlnge of the capaci ty. This 

~ •t.. 

means that though the electric coupling with· the external' surface 
modifies both real and imaginary part of.the impedance, does not change' 
the capacity value. 

This is a very important reslllt because it indicates t"~t the 
interphase capacity can lie considered.. a good par_tel' . for 
characterizing th.. eff.ctiven.ss of the coating. Fr. aneleetricil 
point of view, the previous finding qft lM!' .1II1.'ne4 by consfdertftg 

. ..' . '.. 

that non-faradaic current of the. regiOll subjoct.e4 to electric coupHRg 
Is neg11l1ible respect to the non-faradaic f:1I.rrent of .ttMt .,. surfac•• 
Under these circu.stances the b.haviour ao ....llr results ilia iaU-,t 
increase of th. phas. angle. 

froilt· the' above cliscuss'on _ can say that the ft~l~tion of ~ . 
protective .ffectiveness of a coating ..y b. fir fr.real.'tu,tion tf 
it Is based onth. I!IOCIul.of the 1l1Pedanc. or on 'tI!.phese antle only • 

Inspection of figs. 10, n, aile! 12 r...,.al. the Il1POrtant dlf...."c. 
b.tween the capec'ty values of a bar. and of a coated spect-.n. 
ind'catingthat possible .xperi..ntal errors do aot significantly alter 
the abov. picture. It is also evident that a gradual _altening of . the 
protective .ff.ctiven.ss of the coattftg caus.s an increase. of. the 
capacity value. 

Th. abov. consideration are I further point in favour of tile choic. 
of caplc1ty as a physical' para.eter for characterizing the surface. 
coat'ng. 

CONCLUSION 

Analysis of the overall .xper'..ntal·results 'indicates that for 
large thickness coatings, a.c, illPedlnc. tec:hni.-s consent acor...et 
evaluation of the protective.ffoctivellltll of the surface fn•• 

The lIigh vatu. of the real plrt of the iapedlllce at low frequenci.s 
11.'ts the use of d.c, techniques as indicated by FFT tests. On the 
other hand for low thld:nesscoltings. I.c.techniques, lllade on the 
basis of I 1I0re complex interphase seh .... allow the assl/lllPtionof 
certa'n number of parameters which are useful to differentiate the 
coating behaviour and to make some quantitative classification. 

I 
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.cFinally:we c~ol!;s.r;ve~.tfor.ai:orrectapp~.ch to tile' problem, 
:£bii'•.•a$ur~tS·~deo~ ·un~oiteds~~.f"'il5,wile .ve~,.IL~eful ."because 

i;'SliieS, th~'de~~i~~~iqIl6rthe ohitic"drop~i~he~; .aHow.to .' rapidly 
vi~~.itze .th. diff.r~~e 't!'~", 't;h" cC1us~s of,l(eciile(lS and)be 

~, ..;;~;v," , ,." '," ",' "r" "'- ," " ,.' '~",<:..", n,,"" "._ ., • ,I _";'; < -,", : ;'.- .- ", _ _ ,t,0,' __ 

.•f.fe~t.• of ',' th.c;~till~:.lIl1.ill~tcQrrO~lQ~.!ls illdtca~'4forex~1e .by 

.c~.'1~g~',l"'k,.sts~c. ~:ir:'.sf.rrl.i',taiice '1.,1",5. " 

. . ' 
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Frequency, (Hz) Z' (ohIII) -Zll (ohll) Pha.. angle • 

S02e1 6137 7M4 -SO: 1 
5646 5688 .922 -SO.6 
6320 5261 6530 "'Sl.l 
7100 4~S 61SO -'51.7 
7960 4498 5794 -52.2 
8930 USO 54.Cl -52.7,. 

10000 3799 5090 -53.3 
11200 1472 41102 -54.1 
12600 3197 ...410 . -54.4 
14200 :ruo 4190 -55.2 
15900 ' 2630 3913 -56.3 

, 17800 2320 38611 -5'.0 
20000 2052 3556 -60.0 

'rable 1. Z'. Z· lind. 'phue angle YlIbIM . for , • Ql70lUlO 
coat.d .pec~ on whiChelectt.Jc eoapl1lllJ . vitia tM 
extemd. nrf_ oc:c:urred. .,' 

I 


Yabl. 2.......ltll of m _til on. coated 

Alb!:'.... &pIC..... 

Freq\leIICf (HlI) Z· (.a&.) .,.S-(IIICIba) \ 

0.1001 
0.3003 

-38.33 
-5.72 

250.10 
38.30 

0.5005 . 6.30 20.30 
0.7007 3.82 21.62 
0.9OOi, 16.46 11.ll 
1.1010 -4.66 :12.30 
1.3010 -1.7i 3.10 
1,SOle 3.69 1.06 
1..7020 1.01 9,08 
2.1020 1.78 t.23 

' ­
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•~: • OnGER REDUCTIO. OK ·'.ASSm'IBULS ARD ALLDYS 
. USBAlIlfB~. EFFECT DF BIOFlLl. 

• 
 . . 

. • . . J - IIagnar Holthe. Per Olav Garuimd and Einar Bardiu· 

: '1be. Corr(,sion Centre. SIHTEF 

7034~. Ifcnowq . 

t AllS'.I'RACr 

. .... . '; . 

t 
The OXYjPUl reduction rate oa pauive _tala and alloys in ~ water ia atl'OngIy 

~due to a .catal,yt1c .ttect ot the biotila that toru. on eve~ .aUbat.rate 

I18terial j.aJl8raed. in.ea water. '!'be .ttect ot. the biot1la and ita dependenca 

ot aea ••ter ~OWrate Md ~rature:l.!l reviewed and SOH new resul ta is 

1Iddo4. The pH at the aurtaca ot ata1nl..a ateel has. been _uure4 at ~ 

cor~ioapQtential:aDd .dIu'inc cathodiepolarizatloa. The .-xi.. pH' ot .9.5 

• ~ was ~ at •.aaxima· c~t denai~arter ~t 2 Welts otexpoaunt. At 
. . ~ . '. ' ' . 

t 
tree corrosion tIiel'e we~!lOpH~ at thellUrtace. A tentative aodel 

based .on experiaental observations that exPlain the tiII8 depeftdence ot the 

cathodic PrQJlerti.. ot passive _tala and lIiJ.o¥a :f.n seali'ater 1a J)1'IIHI\te4 •. The 

IIOdel.deacr:ibes bow the oxypn reduction rate.inc_ due to the toraat1onot 

super state II1crocathodea",1th .at~lf ~ exc:!uInp ~t tor the 

oxypn reductioa. resct:lon. , f . 

. INTJ!OO!!CTIOH 

• It has been pQinted out· that natural aeawater is 1IOre cOrl'OSive then aynthet:lc 

aea Itater. /1-2/. CoI'IC:ernill( ata:lnJ._ ateelS 1t is .agreed upon by aeveralI research srouP8 that thiainC1'llued COrl'OS1vity ot natural _ater is due to 

the build up ot a II1cl'Clbial .U.. laysr or biotila that toru.on neat'lyevery 

aubatrat~ ..teriai /1, 3. 20/, '!'be.b!ottla toraation 1...,. to an ennob1_t ot 

r t.he tree corrosion POtential and an :f.ncre.aed cathodic ett1dency that is quite 

I 
s1ll11ar·00 a VUe 1'.,. ot passive _tals and alloys :f.n seavater. The 

enhancAent "t the tree Corl'Odoo potential gives an :f.ncreased tenderlcY to 

crevice corrosiOn initiation on sta1nlesss"teels, and the increased cathodic 

etticiency le_ to high crev:lee col'l'Clsion rates experiencecS tor activated 

I 
crevices tor a convent1onal stainless steel (AISI 316L) flll. FurtherllOre it 

gives increased galvanic corrosion rates 00 less noble aaterials coupled 

; ~.,'; : ;],~,' ','.~ kii.i't;1",:·!. ~'"'~'''~:''' f\~-~.;1~::·: };."' ~'!~··~ii!··. ;,. ~". ',-":'" ,-•• .: f. 

1 2 

In previOUS reported tests /3-5/ the catalytic ettect of the biofila has shown 

to be only little dependent on the IIIIOUnt ot light and surface roughness, a 

little ..ore dependent on the depth of se&water inlet and the seawater ilelocity 

and finally very dependent on the seawater teaperature. 

In the preaent paper the ettectot tlowrate and tellperature are reviewed Md· 

SOM new data adde4. On the basis or previously reported testa Md aOM recent 

results presented herein. atentstiwllOdel that ppla1na the tiM dependence 

ot the cathodic. p!QpertieS' otpessive _tala aDd .;aleya :f.n. seali'ater 11 

discu.secS • 

EXPERIMENTAL 

Experiaental conditiona 

The ~r1ll8nta were cerr1ed out witl\tnab _tel' taken rrc. depth ot 60 •., 
Md the t-Perature ... 9.t2°C. '!'be _tala l1li4 Il11Q1II atudied _an ute­

nitic stainleas steel UNS S31225't (AYeats 25If SIlO). Utant_. 90/10 CUIIi Md 

platinua. The cheaical COIIpoaitiona are __ in table 1. All apec:1Mna were 

decreased and rinsed :f.n aCetone. TIle .ta:I.nleaa steel .PeCiMn (except the 

rotating disk ...plea) were pidtled :f.n a aoluUoa CCMpoIIed or 17 vol J HMO, Md 

4 vol J !IF tor • period ot 20 IIin and t':I.nally l'iIlHd :f.n water, 

The experiMntal . arran&ell8nts:f.n the invest!pitiOl\S reterred to'are ahow in 

the original papers Md reports and are DOt repeated :f.n the present paper. The 

procecSure /01' aeasuraenta by the rotstill( cIak electrode techniQ1.le and the 

surtace pH "UUl'8ll8nta are giY8il below. 

Surface pH De8Sureaenta 
#' 

The pH near the aur:-tace was aeuured with a flat Cl... I18abrane II1cl'CIelectl'Clde 

(Hicl'Clelectl'Clde Inc., 1IOdel HI-40111 reterenced to' a .atureted cal0ll81 electl'Clde' 

(SCE) using a RadiOll8~r lIOdel pH 1182. The e1ectrooe .as .iountecS in a f'VC 

holder shown 1n Fig. 1. During the pH _uuraenta the holder that had" legs 

(see Fig. 1) was placed or pressed onto the stainleas steel surtacea, that 

brought the. tlat aembrane electl'Clde in a well detinecS distance troc the 

l"url'6ce. The sensing rlat aembrene was otfset 25 ~ (~lO ~ due to inhoaC­

: ." ",- .""., :." ". 'r'-, • .' "ff...,t was adjusted by 

r 
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t:" , 
t 

vieWing 'the, flat \ aembrane, aounted in the ,PVC bolder, under. a aicrosc:ope 

equipped with ac:aiibrated oCular n,iCtiCle. The samples Rudiedwere st81nless 

steel' uHS312254 sheinaatet'ialclit 'to coupons
, 

with area 12.!)X20 CII,Z.
' 

t The sampiesWere IooUnted ina "fresh seawatercontainingPVC·cell both ~rison­
ticallyafld verticiil.ly and the pBwas aieasured at surfa...e both at the up and 

downside of the hodsontallyaounted suple, and on theverti~allyllOUi'lted 

suple to see it there were an.Y effects!)! the orientatiOn of the suple.' The 

pH at 25 \III ifu recorded' at '5 differei\t spots: each u.e w.n its. value , ~ stabilized atter about ia1n ,at each position. 

J 

Rotating disk ele<itrode lle88ure.ents 


, 
 The rotatine disk' electrOde (ROEt technique wu adpoted to atud,y tl'ieeffectof 


1lU8 transportdurinC cathodic pollirill8tiOn of stainl1la••teel Ucs plattnu.,in 


I 

seawater. This liethod ensure. the eatllbUahllent 'Of un1fo1'll and well defined 


ulistrenat.r cOnditions "l'OIIS theentireeleetrode.urface. The .... flUx ;, 


to the electrode .urf.c. ial(ivenby: 


• 
(1)J. k.~ 

I 
 where C is thebulk concetitration _ k. ia the .... tnnafer Coetficient.
b 
At an ROE under eoQvective dittliaion conditiOlUl k. is&ivea by 161: 

I k '. 0.6.2 v-1/6 • 'D2/3 1/2. " (2) 

,• Where. v 18 "the kinematic visC(lsity lD ca/s, " ia the rotation rate in 

radiansIs and D is the dit~on 
" 
coefficient in CII 

Zla, 

J 
The relationship derived tor the ROB poaetry can be extended to any hltdro­

dyn8llic confi£lll"l\t1on, it the corresponding dillensionleaa nUliber relationships 

are known 17/. l'be' c,orrelation bet~ the conWlCtiw difruaion conditions lit 

the ROE and a, uoothatl.'aight pipe wall lD Ifbich fully developed tul'bWent flow", -, ,'.-, - . 
previal,s. CIIA be ea~1i.bed t~ the .... tnnsfer coefficient. Sancbe.z and 

Sfhiffdn 181 eYal~ated this quantity fro. eilpirica1 non-dilleruiional relation­

ships and found: 

Sh • 0.00165 ReO•86 • Sc°.33 (3) 

Equation (3) WWl found to covel' Re and Sc nUlibers of .ost situations encoun­

tered in practice 18/. 

FI:'Oll (I) and (3) a relationship between rotation E"ate. pipe d1ueter and flow 

velocity can be obtained, i.e. 

.. 1.72 -., v (4)"·7.08 x 10 ~.12 

Where d ia the ,tube. di_ter v ia flaI ...te. '!'be .. of eq~tion (") then 

allows the .isulation of bJdrodynuic; condiUons for turbulent flow 1Daide 

tubes in service, in a s1llple iahoratory ROB 1tIq:Iel'!!IMIllta. 

Stainleaa .teel lIlieS platimlll aaaplea atud18j,t were _ted with 4IPOlI¥ resin 

IIhowft in FiC. 2. '!'be .upl.. were prepared with 1000 poit paper and (IoU*,*, 

atter they bad been _ted 'to the epGII¥ NalD. '!'be rotatine cI1ak UHIIbly 

eaplo.red wu aupplied by 1'boIIpaon £lectroc:b1llla~ LTD (~tl. Vpon TIM. VIt). 

IU!SULTS AHD DISCUSSION 

All atated above and IIhowft in Fie. 3 tile biof1la foration lD ....ter on 

puai_ ..tala and allo,ya (.teinl....teels. titiuuua and platinUII) 1.,.. to an 

enhan~t of the open circuit pot,ential lD the order 100 to 300 .Y SCE !!urine 

a pedod ot 10-1" days of expo8uN. 

Due to a catalytic eftect of thebiofU. the cathodic ...action i. at:l'On«ly 

atiaulated upon weak cathodic polarization. Fig." ahow8 the 1ftcraue lDthe 

cathodic CD as a, function at t1Jle at .100 .Y SCE ror 25If SMO titaD1ua and 

plati1lUll. At -300 BY SCEin F1I. 5 ;l.t~ ia replaced by 90/10 CuRi. Both 

Fi&'. " and 5 .bowa an increue in the cathodic CD betweM 1 and 3 ordara of 

IIIIt;n1tWe for • wide ranee ot ..tala and aU03'II. The incubation periOde fOJ' 

the J.nc:reue in potential and cathodic reection reb .... about the ._. 

In previously reported tests fOE" a aerie. of different .teinlesa ateel. 13/. 
the cathodic propel't1es have shown to be quite 1ndepeftdent of alioyc:oapO.:I. ­

tioa. Purthel'llOre u shown above the biofU. effect are quite aisiler ~ a 

wide range of utedals e.g.• titaniUII., plaUnUil andNi alloys. 
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As . mentioned· aoove the catalytic effect of the biofHa hassbown to lie very 

dep~~l)t o.f the' seawater temperature. Fig. 6 .shoWs t~ rreecorrO~10n 
potential for slIIIIples of stainless steel 254· SMa after.3eY/daYs of exposure at 

different telllp!!ratures·and flow· rates. The rise in po£ential observed. on 

different aaterials vanishes et telllperatllres above ,ooc. i The semetellperature 

sens1tivi~y:1sevident for: the cathodic CD on 8amples·'pola~ized to +100 riY SCE 

in nearly stqnant ,seawater. Fill'. 7 shows that there 1$ no increase in the CD 
o . .. .. 0 

at 32 e ~ opPQ8i-tion.to _uresenta at lower t.eilpetatures 9. 18 and 24 C. 

Measureaenta. of tile CD at potenl:ial·, -300 .Y at different temperatures gave tile 

same resulta (nOtahowl. AOOve 300 e the inCrease in CD va. only lIarg1ilal. 

Effect of now rate . 

The rotat!n&' cUak electrode tecIm1que was adopted to atudy the .f.fect at flow 

rate on tile biot,ita catal,yai. of the cathOdic reaCtion in .eawater. 

Fig. 8 Ibo!ts the evolution of CD tor SIlIIPles of .taiJi.lesa sr.e.l ~4 SIlO polari­

zed l;o -::100 aY SeE at different rota~ioo rates· O•. 1000 .. aiId 2000 rpII. The 

incube:tion period for the increase in current ia quite 1ndepilnderit of rotation 

rate up to 1000 rpII. The incubation period at 2000 rpII ia SCIIIeWhat ~reued, 

The ....1_ CD valuea at different rotatiQn rate. i. l ..s dependent on the 

rotation rate theA ~1el~ the diffusion l1aitiD&' current for a fila free 

surface. Fig. 9 shows the aaxi_ CD as a function of rotation rate for stain­

les••teel. polarised to -100 aY c:o-pared to the l1aLt~ current for a fila 

freePt surface at -800 aV at .,ifferent roteticinraiea. 

The ROE aeasureaents ahown here are qualitetively .i8UU- to the result. 

presented for plates in a tubular flow by Johnsen and Bardal /9/. The ROE 

tests have. however. not been run long enough to observe ·tne aarked decreue of 

the CD at lana: ti_ show in the previous paper /9/. 

Fig. 10 ahiow. d,ynaaical polarization curves for pl.tinua ...ple. exposed at 

+100 aY at roteuon rate50Q rpII in 21 dIQ'II and without any preexposure "'.pec­

tively.·.The'reduced lUititiAs: current for the s..pie preexposed at .. l(lO ca.pared 

to the fila tree Platinua electrode is possibly due to diffusion resistance of 

the b1ofila. 

111 the case of stainless steel 254 SMO shown in Fig. 11 the situation is sore 

complicated. Fig.· 11 shows polarization curves for samples of 25~ SMa expoSed 

I 

.. 


at -100 IIY .and st rotation rate 1000 rpm for 30 days and without any pre­

exposure respectively. The liaiting current for 254 SMa is auch hie;herin the 

case with the biofH. than without. However,. in ooth cues the Uaiting 

current density for 254 SMa is auch smaller than the oxygen diffusion liaiti~ 
current of the filII free Pt Sill'face at the actual rotatipn rate. The CD for 

the 254 SMO sample without biofUa is possibly.Uaited t-y sOll!echarge transfer 

resistance in the oxide la,ver: Thia is concluded from t~ observation that· the 

Uaiting current for stainless steel 254 SIlO in the potential rell'iqn ~ te 

-800 aY SCE i. IIuc:h Ie.. dependefttof f.low rate than should be eqected for a 

IIUS tr8Jl.llPort controlled oxnend1fru.i~ luutin& current. Thia 18 ahown , in 

Fig. 12.· Fill'. 13 shows the liaLtin& .current,at the .... rotetion rates for aFt 

electrode that gives resulta in ~t wittl the oxypn .... trlMf~r. con­

trolled curve __ in FiC. 8; 

pH at the surface dUri!!l free !!pO!ure and cathodic polarizatioa 

It hu beeO. repOrted by. several au!:bora that cathodLc p!)lariution retards 

biofool.1nl; at aetlil .urt~in Mulaterby iAcreutQC the .interfe,c;ial pH due 

to the 0ltl'&eQ reduction. reactiQn /10-12/. In the interf~ial IIl'ellQt a 

cathodic polarized .urf8C4.· the tNictaria ¥.ill experienca a pH poa41ant that 

w11l cbIInp .their surface cMrp. thereby .cfeetin&' the interactioO wittl .tb!t 
pOlarized .urface. 111 addition one intenled1ate .~1es in the ox:tren 
reduction reaction 18 HaOa that acts u a biocide /11/. 

On the other 8!doe. different bacteria attached to ..tal surfllCQ .ad:1t1ea the 

interfacial enyi~t by producin& a wide ranee of different apeCies e.,. 

acids. extracellullar polyllel'lland enzytleS. To get inforeatif:)ll ebout the 

effect of pH with respect ,to the catalytic erf~t of the b1of1la a .eries of 

experiments has been perforeed. F1C. 1" shows pH u a function of ti.. _urad 

at distance 25 !III from the .urface of atainle.s ar.e.l aBllpl. polu-bed to -100 

lilY SCE. The pH (rOIoI8. stelldily from the bulk .eawater value of 8.1 up .to a 

aaxiaua value of 9.5.cterl/i da,vs. '11te shape of the pH va. tiae curve fits 

very well the plot of CD u a function of t1ae for the ... aeeple. Atter 

about 1_ days the CD reach the l1aLtin;; current. Durin& the period MuIn the pH 

increases there ia a .i&nificant .catteriQC of pH valueaover the surface. tl\4t 

indicates an iMollogenI!iOWl current and pH cI,1atributiOl). over the surface. A 

stainless steel suple polarized to ..100 mY reached a l18Xiaua pH value of 9.2 

at maxil!ua current" p.lJca2 after 3 weeks of exposure. For 8uplea exposed at 

free. corrosion the surface pH (25 I'Dl retlsined at the bulk seaWater pH durin&' 

the test period ·of 6 weeks. 
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I 
Engelt· and FOl'ChhBuer /13/· has calculated· for lIe_tet- of· noreal oxygen concen 

tratiorl (8 ppa) ',that the pH. in the boundary layer should rise ..to ~ 10.9 in the 

case' of cocplete reduction of dissolved OlCY.sen diffuSing to a cathodically 

• Polarized surrace •. Due to the bufrerill8' capacity of seawl\.ter the pH value will 

.nOt ·t:each tMs· theorettcal .value. The observed· aalCillUlil pH at the surface of 9.5 

I atlUlXi!IUII CO.Q--be due to eitlu!r: Precipitstion .0f1l&OH and CaCOfrOa the
.' . . .. . ,... ·,·2'· l 

seawater at the ntill surface /12/. or .. will, be 'discussed below, soae pH 

liaitat:l.OI\ of ~ cataJ.itic activity of the biofila. Froll the shapes of the. two 

I curvealMw'iD fig. 1'1 U;,_ U.kethat thepll !I&)' increase further 1;IpOf\ an 

increllaeiD the 1I!IIlid!IUII CD which 1Ddicatea that the pH i.s not controlled .by 

I 
preciP:l.tetion 01" .alta froll the seawater•. 

Visual' iQllpeCtiOl\Of the suple.atter the test 8bowed that only the toP .ide 

• of .lIiIPles IIOUftted horisontally Wile covered by depoaita.Atthe .down side or 

. at supl.s ._ted vertically thimt Wile no precipitation of salta visible. 

I . Suilarly tbIII pilat the.surfac.. at the down .tdeOl".atthe vertical1y .liOunted 

.uples MIllie .ipificantly.· lowl' then at the top aide of .the hodsontaliy 

I 
_teds..p],e. 'nieSlqllanat:l.ori to this aaybe that the bi~tila and bacteria 

colonies do ..tUe IIOIIe effideot at the ~ide surface whictl gives a higher CD 

llelle; . 

I 
l 

The ..chan:l.s. 

t 
The experi..nta descr1bed above show that the biofn. fonaation of different 

substrate .ateriab· in leawater IIOra or 'lesa .stroncly arfects the cathodic 

properties of a w1de ranae of passive aetals U1d alloys in seawate.r. The , actual ...chan:l.s. of the catall1tic action of the biofil. 1s not known. In the 

literature there has been put fOrward several candidates for a catalytic specie 

• 
e ••• enay!1e8 /14/. haa", aetal iOllS /3/ U1d CalciUli h,ydroxide aodified by some 

orgeoic aatr;1x /15/. Scotto. et al /16/ showed that an enzyaatic inhibitor, 

s9(11\111 uide•..that. inhibits the respiratorY activity of the bacteria elainated 

t the catalyticetrect Of biofil•• Th1a supporta a aechaniss involving enzymatic 

biocatalys!s. whiCh is described in pneral by Tarasevic /17/. 

t ,We have .•ade SOlIe .rfol.'ts to establish a!lOdel that .ay explain the polariza" 
In theti~ properties of diff.llent passive ..tals. and alloy. in seawater. 

following ·this tentative sodel will.be discussed. 

J 
a 

t .. 

ThedOllinating cathodic reaction in seawater in the potential range +300 down 


to -800 .v is the oxygen reduction reaction. 


02 +2H 0 + 4e ... 40lf
2

To make .sure that the reaction that is cetelysed is the. oxysen reductionreac­

tion the effect of reIIOVJ,nc oq&en f1'Oll the ..awater was inveatigated. Suplee 

of stainless steel 25'1 SIlO and platint,lll was e.xposed iD s_ter at free corro­

sion and polari&ed to -100 .V SCE for one IIOI1th at we- the tutperillental cell 

was plugsed and the oxn;en was reIIOVed by purcinc IIIitrollllD throucb -the call. 

Fig. 15sllowll the 0lrY&'eIl caa.c:eotratian ~ the tirst 6 1Ioun. ot IIIitrogen 

bublinc., Aftar·2ft bourthe.oq&en level iD the ....ter was about 10pp\)•. 'nIe 

CD for s..pl.. ofPt IUId .ta1Dlesa. steel 254 SIll pol,artH4 to -l00.V•. ""ririe 
the nitropn bublinc period are.a- in Pi•• -16. .'l'he CD ~ "pid1y . 

when the oXnen COI\C«Itrst:l.Clo decreases as shQwIl iD . PiC. 15. AttarllbOut 6· 
hours .the cD shifta to' the anodic dUectian. lD the .... __I' the tree 
corrosion potential tor ....l .. pr:ee¥pOHd tor 30 .,. drop8 froa 350 aV _ 

to -5OO.V UJIOIl're.w1Dc theOlC)'pn troa the ....teI". sbown iD.. PiC. 17. Supply 

of fresh seawater saturated with oic¥rea alU,ttllo4·the po_t1a1 _.ly. inatantly 

(F~••. 17) froa --5OOaV up to about .100 .V• .ad up to C) .Y for 25'1 SIlO. 

Raov1Jlc the 0IC)'pn troll, ....tar el:.I.IIinated the eftect of the b1otU... aM a 

new incubation period of 11) .,. was _~to let. the po_tial. f.ncreue 

above 300 .V and Ne8tabllsh the catalytic etfect ot the blof1la. 

Fi.. 18 shows potentiod:lnaaic 'cunea for surpl.. of sU1ol_ steal 254 SIlO 

(the s_ errecta are Qbserved on other aateriala) exposed at f_ C01"I'08ion 

potential Eeerr .for 10. aM 18 days aM at +100 .V tor 10 ADd 11) cJaya respec­

tively. Theile are only saaU dIsrtpa of the polari&at:l.Clo ~ with tilletor 

sasplea ~ed at Ii:. Eeert" When upoaecl. atB (li:COI'I" .the polartzatian 

. curve cradually edopta a sbape with two liII:l.t1Jlc current deMities of whiCh the 

s.aller one iDcre.... with tiM as shown iD Fi•• 18. The obaervatiClCl8 shown in 

Fir. 18 can· be interpreted iD tenia of a two state 1IOde1. whera parta of the 

surrace iB in a noraal activation controlled state ADd the rest consist of 

.uperstate of .icrocatbodes with a .troncly enhanced 0lQ'Pft Nductioo exc:banp 

current due to an ~ build lIP of the catalytie biofila.. At. thaIIIe 

a:l.crocathodes the current cleaaity will not be activaUan eontrolled but reach a 

li.ttinc .current density _ at rather positive potentials. 

The d.ynp1c behaviour of the polarization curves when E < Bcorr :1.& then due to 

. a ,gradual chanae in relative areas, &Oill8' frca a doa1nant noraal state to a 

http:liaitat:l.OI


rr-:­

I" dominant superstate, .. An inholllo~.lluild.up of the biofHa is evident froll 

studies 'of the .blofHIII by. optical and sciuming electron aicroscop.y at different 

t stages during the formation process, 'Fig. 23';'24. These aicrographs will be 

discuSsed in aot'!! detail below. 

The increase in exchange current until a. limiting current ~t the highly efrec­fit 
; . 

i 
tive aierocathodes, would acceuntior the obse~ shape pf , the. polarization 

curveafor suplea expos!ld atE (E . in Fig. 18, showing an additional .. ,,' corr ' . '. 
liaiting curt'!!ntin the uppel' POtential range that increase. with tille. 

r Tentatively,' 0IlI!I. woUld "SUM that the lilllitinr' current denaityof the auper­

state _due to difruaion lilllitatiOna of 0 • . ".' . . ~ 

i 
~I', ,reSUlts fro. two 'inde~t teau.show that the upper lildtlnct curl'el\t, Fil'. ie. does not correspond .to oxipn difftision lilllitationa at the ," 

,. IIlicrocatbodea,' 

Finltly, FiJ. 19 shOWS'dynuiC polarization eur-va reCorded at ditferent oll)'ren 
concentrations tOI' auplea of ata1nleu ateel 2!i4S111O-prepolarizecJ to -lOOaY 

, . 

set in 111 .dQs.Ir the ,upper lilllitinl' current did correspond to the Oxnenif 
dif~i«l lillitin,r CII~t at IIlic~thodea. a reduction ot the bw.k 0Il)'Ien~. 
concentraU(!Il by go %abould reduce this lillitin&' l:U~t by tha a_ uount. 

As ahown in. Fil'. 19 the reduction'in oxypn. eoncentrationc1v.a a ,a!nor:'~ 
reduction i"the uppel' lillit1n&' curteftt while tha u..tUnc CUn:'eDt in the l~r 

, 
~ 

potential l'enp is red...e.cs by abc:Jot go %u it ahould be~ 

~ 
Secondly, rotatin,r ,disk suples of ateel 254 SMO _re pollll'ized to -100 aV SCEit 

t 
in aeawater at a c:onatant I'OtaUon rate. The ill8tanteffect of increasing the 

I'Otation I'ate vas teated sevel'al ii..8 durinc the· pedod ot increese in the 

cathodic current (8" Fir. 8). It the upper lilllitin,r current vas an oxypn 

diffusion limiting CUr:'rent at the IIlicrocatbodee the current at difterent atapll 
, of the increase period ahown in Fir.' 8 ahould tie quite dependent ot the 

~ I'Otation I'atew. 110 8uch dependence of the I'Otation rate was, observed. An 

inere..e fro. 500 l'pII \lp to 2000 l'pII caused only .inor increase in the current 

~ density (lesa than 10 %). , A possible liaitaUon ot the current density could be the pH at 'the surtace. As , disCWlsed above the bacterial activity is reduced at hip pH values. on the , other hand, if species like Ca(OH} at'!! iaportant tor the catalytic activity, 
. . 2 

as suggested by some authol'S 11~/, a weak alkalinization will be beneticial. 

~ 

~ 

~ 

, ~ 

Fl'olli this. one should expect that the catalytic activity has a .axiaUII at sOllie 

pH value above the seawater pH, as illustrated scheaatically in Fig. 20. 

Such a pH,dependence can explain the observed liaiting current density at the 

highest potentials as follows. When the speciDen has been polarized to -100 mV 

SeE for cso.e days, there will be A. certain fraction of the at'!!a in the super­

state, with a high exchetlce curl'ent density i ' This value of io is, however. o 
a tunction of the pH, when pH becOMa very hip (> 9.5) the value of io is IlUch 

reduced. Upon 4,ynuic atepwise polarization froll -100 .V SCE and downwards. 

one would expect the cUl'rent density to increase lOin&' alOOl' the activation 

controlled curve aarked (1) in risure 21. An illCreue of the CUl'l'eI\t density. 

however. leeda to aft increue of the pH at tha IlUl'fllCe which tends to reduce 

the i ' So ~tead of sUdin&' ,down a a1nl'le IICtivation contl'Ollecl polarizationo 
cUrve like (1) in filUN21.the stepwise pol~tion JUllpstl'Olll' oM curve' 

with 'io -ill1 to _ther CUI'Ve with ioaioz' ..taere itl ( i 
Ol 

' The result ia that 

we pt a rather ateep. difl'l!aion contl'Ollecl like _ where activation contl'Ol 

is ~cted. 

This .odel can 'Ilaoexplain the POOl' _itivitJ ot the current density in this 

area to c:IwIpa in tha water rlow (rotation aPeecl) _I' short peE'ioda of ti... · 
, , 

When the rotation apeed is increased for:' a apec:i-.n at e.,. -100 .Y SCE, the 

surface pH ~ill dI'Op. rua villallow a larpr value of ~. and an incr:eue in 

the current 80 that the "critical- pH ia ~eP1n. However, in cont~t to 

the detri_tal eftect of increued pH tha benefici.al ettect of 1~E'inc the pH 

hu a slow responae and no t..ediate current increue is obtIel"Ye4. 

SOH aspects of the results in ,Fill'. 16 can .al8O be W\denltood tl'Olll the above 

aodel. For both platin_ and 254 SMO there is no reduction of the cUl'rent 

density d\lrinr the f1n1t hour of oxypn x:aoval. The reduction a tarts I!Ihen the 

oxypn level is down to about 10 %. 'Ibis is to tie expected it the pH 

controlled current den.ity is about one ordel' of aqnitude l~r tMn the , 
oxygen li.itinc current dell8ity. 

Tbepotenti.al rise tor treely corrodlnc apec~ is .also a result of increaaed 

cathodic IICtivity. The tree cOl'roaion potential is detel'llliJlfll tro. ,the 

interlleCtion of the anodic current cten.ity line and the, cathodic cul'rent 

density line,. Betot'!! a dille layer is t01'llM a cathodic curve Uke C. in Fi,. 

22 is observed. The anodic cul:'rent ~ity decreasea with the ti.. due ,to a 

thickening ()f the oxide layer and ia indicated· at 10- 2 .-Ieaz in' Fil'. 22. 

After Sa.le ~ille this value is reduced to even lowel' values, e.l'. 10"3 pA/cal ill 
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J: 	 . CoNCLlJSIONS 

Whim ·pasSive" ·lIelal andlllloys BUC" lIS stainless steels. titanium and platinum
.: ,..' . . 0 , ". 

r1 are ~ept in seawater at .tElm~rature ~ow30 C"t~e .1c~i~.l~ctiv~tl l~ to 

an increase in the free corrosion, potentisL At cathodic po.J:arization the same 

microbial activity leads to an druatic increaSe in the oxygen reductiOll r-ate 

arter a Cew ~II ot' couple of ~ka of exposure. Both the ·W:~e in the apen~ I,:u~i tpot4ntial and·. the J.ilcr-eased CilthQdJ.i: efCici«lC7. dur-inc cathodic polari ­

zation ......~. eJq)1a1ned by eninhOllOgeneous bioril. Corsation. that ia actually 

observed.. con~ ~uate1"8 or bacter-ia colonies acattered 8l"OUfI,dthe 

lIurrece.Theae ·becter-ia colonies __ to COl'll Mchly .rCective .ic~athodes~ 
wher-e the ~~rent Cor the axygen t"eduction ia atl'Oft.Cly 1ncr-eased. 

I Due to the bioCU. caWyai. oC the axygen. reduction reaction at veale cathodic 

I 
polarization the pH at the .urrace increases to a ~ oC 9.5 at a cliatance 

or 25 pa en:. the _tal aurCace at II!IXiaua CD conditions. The aax1:JIua pH MeIIIa 

to be deterw.ined b)' the detrillental eCCect thiit increased pH baa on the 

bacterial cat.a!ytic actiYiq. 

I Thia critical pH l:l.a1t propoaed above rita ......ral exper:laetal obaervation. 

and ,.i_ an explanationa to the~ical ahape oC po..arization curvea rec:Orded 
Cor s ..plea pnexposed at E < E that ahoWs two l:l.a1t1lli currenta ~ the 

I 
corr . 

up~r l:l.a1u.n,. c:unent baa ahowri not to be controlled II)' OlqPft 41truaicn. The 

catalyUc ecrect or the Olqp!ll reduCtion reaction end ita detriMfttal inCluence 

on co~ion ten4enCl' ~ ra~, doe8 .not exi.t at tellperaturee above 32·C Cor 
the ..a water uaeId a these e.xper-:laenta. 

I In the pot4ntial ranee -400 down to -&:lO .V the l:l.a1t:laC c:unent Cor atainle.. 

ateel in .ea water i. quite :lnd~t oC flow rate. alao vithout a biotU•• 

The CD is pouibl)' lieited by SOlIe charp tl'arulter r-eaistance in the o.x1de 
layer. 

RDE 8Xperillenta.~ that the catal),tic etreet ot the biotila 011 the incre... 

in CD durtn,. cathodic Polari.zaUon is oply little dependent on tlow rate. Ther-e 

seem to be a weak au:iawa CD at rotation ratesbet"'l'el\ 500 and 1000 rpa. The 

maxiaum CD at potentials betweeli +100 and -l00mV s_ to be in the range 120­
150 ILA/CII/ • 
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CORROSION OF,THE BRAZED JOINT BETWEEN Cu90N11OFe PIPES 

.. P. Vass111ou' and V. J. Pa(lazoglOt.f 
National TechnIcal untyers1ty ofAthens 

1 Department of ChemIcal EngIneerIng, Section of MaterIal Sc1ence and 
EngIneerIng,. laboratory of PhysIcal ChermStry and Applled 
Eteclrodlei'i'llstry 
2 DepartmeAt of Naval ArchItecture and MarIne EngIneerIng" laDoratory 
of Shlpl)ul1d1ng Technology .' 

ABSIRACT 

The corrosIon beh8vIOll' of brllled Cu9ONIIOFe pIpeS with clrculattonof 
35S HaCI solution was Investtgated In laboratory condItions. at 3012 °c 
an<! at a Re!JlOldS Number of 17900. The brazed JOInt was also examIned 
t.rKIer the metallogrephlc mIcroscope. The corrosIon rate equation 
obtaIned Is compared wtth the corrOSIon rates of non-brazed pIpes and 
of pIpes WhIch t..Ilderwent the same thermal treatment as the brazed 
ones. Metal1ogrl!l)kllc photogrilphs of the Joint before .and after the 
exposure are presented and analyzed. SIgn1flcant differences were 
found In the corrosion rates of the cases consIdered. 

GENERAL 

The family of CuN1Fe alloys tlasbeen In use for the last forty or so 
years under CO!'KIlt1ons of severe sea water corrosIon, because of theIr 
resIstance In pitting corrosIon. Several researCherS have stooled the 
seawater reSistance of CuNlfe alloy pIpes under varIous flow 
conditIons (1-3). All the above researchers have studied extooslvely the 
conditIons for the formatIon of the protectIve film, sInce the excellent 
corrosIon resIstance Of the alloy Is based on thIs film, a pheno:nenon 
that Is more pronounced whoo the allOY contaIns a small amount of 
Iron IJssellng (2) presents~ata that Ind1cate corrosIon rates equal to 
50-250 Ilmlgr durIng f1lm formation, 5-20 Ilm/ynfter fllm formaHon, 

and.1-2I1mtyr after an exposure of 10-14 yrs,as these were ineasure~ 
by ot.her i!iUtl'lOrs (4,5). Other oata exlstlng tn the 11terature, concerning 
exposure in seawater under. stagnant cond1ttons· (6), tndtc&ltecorroston 
rates for the 706 Alloy between O.3andU ~ for an eXposure perIod 
between lSI and 60B dayS. S1m11arly, for the 962 Cast Alloy cOrrosion 
rates fluctuate from 0.9 to 1.1 mpy for an expoStre per10d between 
161 and 366 days. Finally. data fl(tserlled by other authOrs for the 706 
A110y (7) gtve a corroston rate of 0.02 mm1!1'. 

In thiS work, an I""est19atIon IS· made on the corrosIon beh8¥1011' of 
brazed Cu9ONl1a:. pipes, and a methemllt1eOl expresstOlJ. derlvld from 
short term experirT\!!l'ltal dati, 13 lM"estnled for the corrosioo fqaatlOn 
of brllledP1pes. 

ElPfRJtUIAl P@ocfplg. ; . ~ 

The spec:tmens used wert pIeces .f pipes IlIfIde of .CU'9ONi 10ft IH~ 
used in standard nava1 appllcallons, with an InterN$l diameter of 2.14 
em and an exterll81 dtameter of 2.53 em. The length of each piece was 
8PPI"ox1mately eQUIII to to em. The nomtnal compos1Uon of the alloy 
was Cu: 67.31, N1: 101, Fe: 1.71, and MIl: 11,.and Its spectftc ITBYtty 
was 8.94 gI~. 

The specimens used were cut from long pIpes, thetr edges were 
smoothed out with emery pcJpef' and they were sub~qoont1y degrease(! 
In petroleum ether and acetone to remove the prot~ttye on of the 
factory. The specimens were cleaned from the oxt<leSwllh 1mlDlted 
hydrOChlorIc acid, washed with water and drIed In alcohOl and acetone. 
The lnhlb1tor was then removed with steel wool The specImens were 
suDsequentlywel!Jled and properly marked for tdentlflcatlon IJI,rposes. 

All specImens were torch Drilled USing the silver alloy f1l1er metal BS 
AGS, til the form of 8 rIng, with the f0l19Wlng nomInal CompositIon: Ag 
42-44 t:, Cu 36-38 I; Zn 16.5-20.5 *. The Internal diameter of t~ ring 
was 2 mm smaller tlUln the external diameter or the specimens. The 
rIng was placed over both pieces that were to be jomed together. 
Melting of tl'le f1l1er metal was accomplished using an oxygenflarrie for . 
a perIod of3 mIn, the resulting temperatures being In the order of 
65O-700°C. SImultaneously with the brazIng operatIon, cleaning of the 
1ns.OE> flr:rl QuI side S[lecim~m surfaces was performed USing borax 



t, 

t powder . (N02B407,IOH20): By brazing two pieces ~f pipe. of 
aRPr.oxirria~elY!:i cm longeac~;~he final lengthwas clos!,! to to em. for 
each experiment. three specimens were used tor' reasons of

J reprodutib'1111y: . 

f 
F~ corwarts9l1JlUrp,c)ses, .the same th~rmal treat~t was performed 
00 plecesC)fPlpethat had not been brazed. M,Qre specifically" this 
treatrffent CC)ilslstedo( he,atlng the pipe pieces at 'approximately 700 °c 
wl~henO)(~ tOrch.. f~ lheSam& lenglh of t1meas,for the brazing 

f 
• (aW9X1Ql8lely 3 min), .aoo then letting thi pipes to cool down at 8 . 

slow rate.' . 

, To ~tthe eXperlrnents, the sPeCimens were comected to,JKI'np 

I 
wfth'plecesoJ 8 p'last1cretnforced pipe ofapprO)(1~t'IY 15 Cmlons· 
TI¥l~kculiitioo CQndIUOns,wereon a fully reclrciilat1ngstream with 
I)'irtOO1cal ch8nge of the $Olutton every 48' hours. Thus the sol1d 
Influence on the. film formation were kept to a mlntnun.The corrosive 
envlrormer1t tl1at Circulated ttrough the specimens was a 3.5 "'HaCl 
solution. An expertments were ~rforme<l a~ 3Ot2°C. At Prespeclf1ed 
time .ntervats the eXi>,05e(j speclriler1$ were removed, washed, cleaned ,• with lnhlbl1~ hydrOChloriC acid, dried and weighed for loss of weight 
oue to corrosIon. Curv.es were ltlJS proc;1uced (Jfwelght loss. versus 
Ume. The\¥~1ght1oss method was employed as the most direct method 
for determining the corrosion rate, assumIng that the flow velocity Is

I very low, and hence that there Is no erosIon Involved. For this short 
exPOsure period 11 was assumed that a more or less uniform corrosion 
ocared, since there were no pits formed on the Internal surface of the

) ~~ , ., 
Note that the pump operattCI at 8 12.91 lIters/mln load, thus produCing 

~ a corrOSive flUid veloCity equal to 0.6 mlsec, corresponding to a 
Reynolds Nlinber' equal to 17900, . 

J R~SUlTS .AND DISCUSSION 

All results Presented In this section correspond to a continuous flow of 
35~ NaCl solution InsIde the pipes,' but differ In the exposure 
condllfons of the outSide surface of lhe pipes, WhIch are descrIbed 
separately for eaCh. case. . 

The results from the experiments with the. reference pipes, namely 
wlthptpes that were neither brazed nor heat treated and 'WhOSe 
outside,surface was exposed to a dry atmosphere, are shown In Figure 
1. Ther!!sulUng mathematical eQUation for'the corrOSion rate, derived 
by least square approximation tecl'riqtJeS, .Is: 

y = 3.9O*10-4*tO.I97 (1) 

for the thermally treated Specimens, expoSed on the outSide &rface In 
1'1 cry atmosphere, the experimental results are shown In flgtn 2, 
Whereas ttle corrosion rate equatIon was fOtl'Kt to be; 

y=6.l1*ur*tO,161 (2) 

The brazed- spec1mens,exposed on the outsIde surface also In a crij 
atmosphere, OIve the results Shown 10 fl{J'l"e 3 and the followtng
corrosion rate eQuation: . . . 

(3)y= 8.17*10-4..tO.I11 

Vhen the brazed specimens had their outsIde surfac;e exposed In an 
eQU1l1brll.rn atmosphere over 1'1 35$ MaCI Solut1on at 30 11(, they gave 
the results of FIgc.re 4 and the followtng equation: 

y =10.73* 10....*tO,'40 (4) 

The exposed In the flowing SOlution of 3.5'; Nee} &rface of the brazed 
JOint was observed U1CIir the metallographlc microscope, before and 

. after theexpo&re (see Figures 5 and 6). The edgeS of the gra1fls were 
etched wUh an attad< bY a sat.....ated solution of (NH4>ZSZ0e at 40°C 
and were observed Uf'ICIE!r 1'1 microscope with 1'1 magnification of 150. A 
d1ffuslon of copper Ions In the s11ver brazing Is observed, which 
appears to lessen In amotXIt after the exposure, as Shown In the 
PhOtographs, The presence of silver creates anodic' conditIons that 
enhance the corrOSion of copper oue togalvanlcl'lct1on, It thus appears 
that the corrosion rate of the brazed pipes results from two 
sImultaneous processes The one Is theanOdizatlon of the CuNl allay 
due to the presence of sliver, and the other Is the effect of the thermal 
treatment of the pipe during the braZIng. process, ThIs latter effect Is 
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also ev1<1erit from the" results obta1ned, in' the thermally treated 
spec1rneOs (see eq. 2), andfrol"ll the similarity of the rate constants in 
eqns (2tand (31 

Tfle resuU1ng mathematical equaUons ,(1) to (4) show that there 1s a 
tendency for h1gtler corros1on rates for the thermally treated and the 
braled' CU9ON110fe plpe~ 8S expected. Furthermore, the, eQUatloos tlhow 
a high cqrrQsloo tendency, [or ,the ,pIpe sPecllTM!nS exposed 
s1~llaneouslyto ,the NaCI envlrorvnent 00 the outside 'and to the saUne 

. wateronthefoSl~. ' , 

Itcan, thus, be conclu<led that When designing a hj!at exchal'lger, or any 
other system to(' that fflIltter,~lng CtJ9QHHOfe, one, shoUld take under 
conslderaUon the eQlA'ltions ror the brazed specimens' In order to 
predict the longevity of, the system " 
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CAtHODIC PRODciIOf{ OF STEEL :nf PURE CULTURES 

OF 'rHE IWUNEUC'lEllUY:1Pip t/ATR1EGEliS 

L;fIltSDlL(l) &lidOS; GIlEZENHEC (2) 

(1) It. 'f.1f University 0.£ 'rroddheiil. (NO£UW"l , 
(2) .'U'JtEJfta cutn. kelt U 10 2926ll'touONB . 
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AI!SD&Q' 

Stainless steel has . been exPo~ed to 'eOrielled natllral seavater ~itb. 
or vi,thout the urine bacteria VibriQ Qatciegeris in stlop:tem labora­
toryexperiMnts. SPklill!ns1i!l!refreely exposed or polilr!led to 'poten- ' 
tills. from-1Co to -900 IIlV SeE. At the end of the, e%p9sure 
period po~arisation 'curves .andAC-~nced1agiw were diateClin,ed. 
lNe tQ the presence ,ofbact.ril. 'current density, delllandlacreued " 
dudngcatl'iodicpalarHation of specilliens to -800 and';'90GIIlV seE, 
precipitation of Mg- and Ca~coaipounds on the llletal. surface decreued 
as did also the ehlr~ transfer resistance value aeilsu~ed during
lC-impedance aMlysiS. ' 

llfll3CI'l!qImJ 

Cathodic protection of Iteel constructions exposed to sea ntel: is 

videly used to prevent' corrosion. The presence of bacterial films on 

the metal 'su~faoe ia demonstrated to increase the free potential 

and .to change tbe CUrrent density requireillent duringcatb.odic 

protection (MOllica et al., 1984, JOhnsen and'Bardal, 19861. These 

results are obtailied v1ttl biofit= in .nonstetile enviro_t where 

the biofi1lll contaw a wtureof naturally oc:urriJi.g bacterial 

species. ' 

Biofilms 'lIiytlave' an influence on electrochemcal reactions 'on the 

metal surface 'in different.vays: The physical presence of a biofilm 

can create differential aeration cells, and metabolic activities such 
as production ofeXtuoeilular enzymes, ,organic aCidst polysaccha­

, rides etc. IliY· have an effect on surface reactions by : decraasing 

2 

activation E\nergy. changing pH or creating diffe,ent1a1. aeration' cells. 
It is $ugCj)!sted that :biofilms in natural sea water modify the activa­

,tion controlled part of cathodic oxygen reaction but, the 'exact 
:.lechanislIl is not known (Johns,en ,and Bardd, 1985,Scotto'et a1.,1985l, ' 
Studies of lII6lnobacteri"l biofilms may be helpful in understanding the 
:r.ethanislII. becau$e growth ilnd metabolism ,of this type o·f biofilm;;an\ 
be JIIOreeasily coRtrolied andchange~ than with a III1ltibacter14l biofilm. 

The objectiVe ,of the .present study vas, to investigate the intluence of 
a single bacterial species, Vibrio Oatrleqens, on .lectroehweal 
surface reactions and' current density dellind during cathodic 
protection of steel ill sea water • The ,resitlts 'obtained' -can be useful 
in ,evalllltingtbe role of y.natrlegeos in natural biofilm.s that 
IIIOdify .tallllrface actJ,v1!:ies,and could also be idiIpOrtant, for 
~'C~tu.ding tbe_c:han.is. by which the, biofUa ,laterrer vith 
reactlqali OIl t1Ie .tal,surface.

i mg*",~I 
~•.;11 ,t-stMlplates '(Table l-1,app.r:oxiJlatelr 2"C;l\CIi', vete 
POlisht4t;i~_aecreasinq'1Jrainsiz., fro. 120 to foOO _sb~. and. riMae 
v1th acet..:' , . 

EIMriIMRtfl system' .nd....lslnm.TIIe 'coupOns, we~ placed in,a ,vlass 
flasttriq. UIIMdI. were autoc14ved (15: lila at 120·CI aad filled: vitia 
a.800 a1 stedl., 1IOdlt1e.<t ,Oppelllleiaer-Iotiell (U52l . ~IIII:, 1 ~/l 
pepton (Ditco), 0.2 19/1 li¥e~ extract (Dilco), e.Ol'~/l glucose. 
in Zlat_tal sea. vater. TIle glUcose waa sterilhed separately .nd added 
after the .edilill b.adcooled.tbe .qed_Zlts were doae at 21,"U·C alK! 
vith stininq at 5110 rpa. ' , , 

Orgini.. !ildo Da,trie9t!tlls. ATeC lCOCl.' DSM 159, tiertl received 
frOll DeutliC$e SUlllIItI4 ,von MicroorgariiSlllen. Cuitun, intbe experi­
_Atal .syst. veri inoculated to .pprodllitely 10. dlUs/1ll usin9'8 .1 
trOll 0'9anisas 9tovn J.n test tubeiforU Iilr$ (statiOpl)'. phi" 
org.llliSlls) • Stocks were lliliAtaineQ OIl agar .1,allts at .. - C. Culture 
purit~ vas followed aicl;oscopicaUy and by coloh:y ~109J. 

Electrgc;he.'cal r¥asurements. 4 _tal' coupons were polarized to the 
same filed ,potential' (-900,,-800 or -100.v seE, or freely 
exp,)sed. Tile'electric current supply to the polarized ' spec1llens' VIS 
recorded as a potential drop ovet a 100 OM resistor. :rhe potential of 
freely exposed specimens vas ..sured relative to a 'saturated 
caloael refetence electrode. 

At the end of each expedment;,uptalte of polarization ' al:rYes vas done 
dth Solatron 1286 electdcal interface controlled by a Olivetti 
computer, AC-iJJpedance ,.:analysis vas dOne with Solatron 1110 fre­
quency analyzer through a Solatron interface. 

http:tbe_c:han.is
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Bactetiaianttl'Y2esl ''£)udntj expedments, viablebacteria:~in the ,liquili 
phase werereCQvered on Op~nheimer-Zol:)ell' . agar and cOU!1t;ed a.fter 2'" days in;:.ubation at 2S·C•..Bacteria on the, metal surface.s we.!:e cO.lo.uP!d 
with acridine orange' 10.oa) and counted with epifluorescense 
microscope atlOOOttmes maqni ficat; ion , . 

ch~icaranalY!ie!i. Lipid 'content of the- biofiim was analyzed AS 
described by White et al (l~19) and Guezennec 119861 Ca';' And Mq­
con<;'lnt;rations On the !!Ietal surface 10Iere . determined by atOlllic Absoq>­
tion' s~ctroscopyafter' rinclng of .the coupons ·in phosphate buffered 
SIlliile soluUonIPH1~2)and dissolution' of <:a-And Hq~UDds in 
0.1 M Aeetic acid.. _ ..... , . ' ........ . 
OXYgen. In th~ liquJ.d phase .WAS measured I.Ising the Wintle.r llletl'!od. 

ftEIUlL'fSMW P1sat3SImI 

After 12,:24 .hrs. of exposure, the .' current' densitY'dIiDand of steel 
coupons polarized to-900 and -800 liN SCt; in the presence of V;O.ltrlegeos, 
increased as coilpared to st~ril•. envi;:onment, Ollt did not increase .at 
-100 liN sct U·ig. 2)0. '. -' ", 

. . 

. EnWlerltion of Att.ched b;acteda at the end of each e.x:perilllltnt, dIIIon­
str.ated that When y.oatdegenS was present, the nWlbe.r of baetedaon 
_tal surfaces was iii the ranqe of 10"..1Q'lor (table 2), a density 
cOll!llOnly found on_tal. surfaces aftet 1-' days in natural tea water 
{MArUlei et &1., 19191; Beeallse bacterial nt.llllbers reuilled approdaa­
tely the ..' same .at . all. poteqUAls, other flcto,ts ~ thin. Jlllllber of 
attacbe4 cells seelle<! also to 'bEilzDPortant iil detem.iniAq theinflu­
ence of Y;Qatrieaens on alrrent density d.esu~ of coupons pqlarbed to 
constant potentialiri the. present study. ..... 

S.ome .attached bact6iia were also found on coupon surfAces io 
sterile environments (table 21. These bacteria lllay have originated 
from . the natural seA water used in the meclium. They were killed 
during the sterilization of tile medium, as indicated by the lero 
colony fo~i1g unit counts of environments without yt oatriegeos 
(table 31, 

Analysis of fatty acids on coupon su;faces demonstrated the presence 
of fatty acids characteristical of baCterial membranes, as cis 
nceeoic acid (ClI:hl1cl , ciS palmitoleic acid (C16:1w1) and branched 
pentadecanoic (ClS:OI and neptadecanoic acid IC17:0) io environment 
with V. oatrift9lDl. 
Lipicl phosphate is often. used IS measure of 
viable biomass, and in many bacterial s.trains the average content 
is 50. pmol lipid-Pig dry weight (White et al., 1919). By using a 
fatty acid to plloliphate:.lDOlar rauo of 2 :" 1, we calculated bac­
terial densities on .suda'ces exposed to different potentials to be in 
\:he . ranqe of 3x101 to lx101 cells/i::D!:'. The' cell numbers calcu:ated frolll 
lipid analysis i.em to coilfirlll 'that bacterial attachment vas not 
influenced bythlli potential level of couPOri~. . .' 
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Changes i~pH and production ·of: H,O, at the metal surface are suggested 
as reasOils .. for c1uinges in abSo~pdon of bacteria .on metal duting: 
cathOdic prote,ct:iOll (OI\a.r,1986, Gordon eitAL,. 1981). The relatively 
high and .constalit attached ·cell numbers which were found a,t All 
imposed potentials in, the present study, .y indicate that 
H101-production andlor . PH- changes .t.. the ..etalsurf&ees, WItrenot 
sufficiently siqnificatlt to reduce bact~rialab.orption.· . . 
Keasureaents of pi! ·.And oxygen' sboIfed .for .,II. potenU.,I, the SDle 
pH(8.4,tO.l) And a.rabic conditions J.n the llCfuid phase at the end of 
the expedllllnts ('fibl. If. . "" . 

Tnepourhatiolr. behavi~r" of steel.coupoas whieb have beeli .kept is 
hrs at -100 IN' sa and 42 hIS at free pcluntial, in envl.rOllllellts vith 
and vitlaout· Y.D.ltritgeDs, . is. sIlO... b Fig•. 1. roc coupons. Opt It· 
-800.1n' JAd. at -!tOO (not shown in tile. fi9'lrel, tile. catllodicpolad­
latioo alIVe ~. to the I:ilfbt when baeteda lllere .pcesent, .vbile 
the alIVeS Iller. 1... diff.rent for c:oupoIlskept at!ree poteRthL the 
results abtained tn the pre,sl!&ice of Vdlatrl_ns Seelltobe in Ac.cor-. 
c:IInee With dAU ftoll1,,:ev-ioll$ work wMlC. a change of ·cathodic pt.r­
ties at st.iitless steel 1115 Observed wilen . biofil/&' developed 01\ 

poladzN ~ b· Dltural· seawater' _lUea et d.,' 1184; JoIInSen 
and lardal, '19'5) • 

lisa result of pH-increase clurinqCltbodic poladsatioR J.a seA 
vater, alcJ.1IIIi earl:icillate' and -vnesiuia ltJdrozide .•, pceeipitat.. as 
a deposit· Oil tb« ..tal. Surface. Analysis 'Of ca Hd Mf ·....tr.ted 
tut tIIe..el..nts were present oat", ni!ace 11M. -ul COIIpOM 
were pol"rbed.· to' -.100_ sa: or 10000c poteatuls (fule.1 ill 
solutioes· with and Witilout . y.natti_". 'resecce of bacteda cSicl, 
however, decrease the precipitation. fllb· decrYse "y be related to .. 
love~inter!"QI pH Cilusldby' bicterial pr04uctioo of organic acids. 
Analysis of'acetate demonstrated that.olatile fatty,acid! were 9rodu­
cad in the liqui~ Phase, in thepresenc::e of bacteriA (data IIOt shown). 
In steri~e solution, at -900 In' SCE, the catMg (w/w, ratio illS ea.1. 
tbis ,ratio iqcrased wbeG bacteria.were present on the surfice.· . 

AC-impedance analyses perfoDDe!i after re80ving the cathodic potentiAl 
And allowing suples to return to free potential, . showed that for All 
~tent1als, the cOlllplex plane diagrams exhibited single depressed 
capacitive loops with cent~rs below the.real axis AS deDonstrAted 
by examples in rig. t. Double layer capacitance varied in the rlnge 'of 
0.1-0.2 /IF I d in solutions with and without bacteri•• Without 
V natdeg~n!j on the . surface, the charge transfer reslstarice, at, 

varied in the range of 55-65kohm.c:.ui, with the unexpected exception 
of the high value 153 kORM.Cui obtained It.-100 .v seE. Bacterial 
attachment .decreased att -values from 58, 153, 60,' 65 tohm.or to 31, 
125, 32, 53 k ohm.c:.ui at" free potential, -700, -8,00, ,,900.v SCE 
respectively. this clecrease in charge transfer resistance indicate a 
higher corrosion Curtent density due to the presence of the 
the biofilm. ' 

http:ohm.c:.ui
http:55-65kohm.c:.ui
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lttacllmetl.t of tl)e. IDilrinElbaC~erillY rat ':i ..qe"'stQ17 C' $teel 
couponspOladz~ . to ,.800 and -900 iIIV SC:; inciU5ed the current density 

· d.elnandcoitpared: to . sterile controlS. . 

presenceo( Y·· ngtdegens on metal surfaces,pOla.rized to potentials below 

· .700lllv sa., IIIOved cathoc1ic pOlarisation curves to the right as COllipared 

to <»ntrois.this may indicate that y.natriegens participate in increa­

· sing the' cathodlc 'reaction effieiencYdurinqcathod1c polarization of 

.steel ianaturaJ.' 'Ie.ivater~ '. .'. . 	 . 

AC~impedance anaiysis demopstri!.ted that presenc;e ofY natr1cgens 
decreasedtl)e charge resllSunce value thus 1ndicatinq Mqoer corrosion 
current .density tbanin envirol'lllll!ntwitbout y. patriermO$. 

4\[, 	

Mq-and,e;.-<;OIiIPoundswre precipitated. on polarized. llletd surfaces,. 
but pre~nce of y pat::it9!!!!I$decrused t!l.e. 9:ecipit3.tlon. . 

~ 

The' author.- ar.,extreMt;y ,rat.rul tor the tinmcial luPPOrt provided 
as te1:J,Ovstl1p!1 to L.'. lq ib.llo;y&l 1I0r-,ian Council tor Sci.ntitic 
end IIIdu.triaJ. a.....rch., (lfTIIF) anct b;y Elt Aquit.in.. W. would al.o 
lUt. to tunk ".an.-Pl.rre LE IIOIJX and Max COIITE tor theu- in"aluable 
tecbaical ...i.tence. 
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v l Table 3. 	Heasureaent of ~H, 02. and viable bacteria .in the liquid' 
pba$e·.t tae end of polarization of steel (17 C) co~poQS

I 

if 	 Table LClM!mical,coffi!:iositloil oftne ~Iloy. 17 ',!=. (lit '\1. 
tq. c.onstant potential in enviJ;onment. with (n and 

.;GthoLlt: J-I y. ·uttieg!!!llli.· ..... .' 
iC ..tr· Hi No; C.U J:in,:):a'. P S 

0.01jil.'6.,·ii;Sl;2.1~'od~, 1.:no ..~20;~27 0:,0013 ~~:: '- .-..' " . 
" ", 	 .-'.~ .', .-1~_~·~':_~~L_.' . _.~___ 

; , 
' .• ~.4/·"'.: '0. 1~S l.ot 

~:-.~- :.....:--­

-.~.:-::~,~,. ,~) .' ..•.• '.1. 02.610' 
r.ble 2, MWIIbe~. of ~ctii~ii on steel (17 ,Ct .~ --~-'..~~ 


coupons polarhed to different . ":iQi:'- '::::,:.';1 :5.1~i.;JO . ~.'lj·-
l potentlalsU' envir.o.-nt . 


~ I 	 ltith :t.+JandvithOut (-, fz:e;.~. '. "":1. !.2 '.5, '.30 3,.3 10' 

Kl!iit;oJiwells , 


,; 	 u qu'''' C:OIOftY fot.ing.~ta.
pot.ntill( (.v 5(;') 	 . 

,.ole 4. ca. MfCog-/c::W! } Oft 'ciMlpcmsud"oeat the ~of Pol",.. 
..gOO 1.3 104 4.6 	 .' '~.dzitiOftot: steel ell 4:1 coupoIlS . to COft5tut potenti"l .10' lit ••y1~ wit" .oc without Y; MtrSeqegl. . . '~ 
":'90 '2!~ lOJ' 2.9 10' 

-70~. 4.... 5.· 1Ql 1.2 10' 
Poteatbl. IfltlllOut . bActerLt . Withbf<:teril 

101r.:" 2.0 6.4 10' 	 1_ lJC£)' ca .itJ· .ea..1H4. C& '" CaI_ 
pot. . (v/Iff (v/v) 

-900. 19.5. 1'.2· 1:( 11:.-1.2--;-r-l.' 

-.10 n." . '.9 .2.' 13.1 4." 2.' 

-101- .ll,4 3.2 3.3 1.1 -l.l 6.1 

tree PIt.. !.3 '.;$ 4.' 1.1 0.1. 11 
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Figure 2. Cathodic cunent density delDand of steel (11 C) coupons.. polarized to -700, *800 and -900 mv SCE'in environment 
with and without Y,natriegens. 
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Fiqure 3. cat~c: and anodic poladzati!)n CU1'1fes after 42 hrsexpo­
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• 	 ON THE 8A.R~AC1.E-INDUCEO CREVICE. CORROSION' PHENOMENO.N 

f 
(.. STAINI:.ESS STEEl. 

M.e.5hwar.~br~andP.ciiandrasekaran 
. ,COrrO!lion Research Centre, CECRI Unit~' " 

, ~ ca..., ,..ti21jI9,lndia ' 

~ 
A~ActBarnactesindUce crevice, corrosion in stainless steels which 
. uSJi'lIy' 'resemble the . shape of the base. of their. shells. This investigation has 
been (ar..iedOutto elucidate the .most prob~le mechani,sm. by which !iUCh crevices~J! 	 occur: Ba$ed on ... a series. of experimeots with}OII SS,a iTIodel Is' propOsed on . 
hdw ere\<iees nucleate and. propogate. 'The role of. oxygen and bacterJa are 
highlilJhtened. " ' ,• 

" INTROOUCTlON 

t Perhaps .themost suiking instance of biologi~a1 corrosion In seawater 
F " • . 0" • 

. 

is the atillck influenced by barnacles . in. stainless steels and nickel alloys. l:.aQ\,le 

(J~4S) has $ho';'l1 that weight losses were enormous for stainless steel l!Peciniens •r SJbjectedtonaturatattachrrientof marine ,organisms, whereas, those held in 
. .

• 	 a. tiume with seawater nowil'l$ fastenoogh to discourage marine' growtll,"SJffered I 
" little dilmage. Relini, e:-t al., (1976), provide additional proof for the. higher J rates o( attack .induced by, barnacles. These workers have compared corrosion 

losses of two. sets of panels, one allowed to gather natural marine growth and t·! 
the other Drotected from fouling using phyto or zoo-plankton net~There have 

~ been a romber of other instances CLaQue 1972, Oegerbeck I~"I, Rowlands 1976, 

King 19&0, Pipe 1981, Ravindran <Ie Pillai 19&4, Eashwar et a1.,19&7a) where'
I-	 . . , 

barnacle-induced attacks have been described as a characteristic phenomenon I 
,i 

I: 

l 
I 

f 
~ 
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in stainless steels occuring, primarily, beneath the shells. of dead organisms. 

Also, Riurru, ·et aI.,(l984), have obseryed similar attac~s on niCKel alloys. 

In spite 01 extensive marine c<X'rosion'research for decades, this pheno­

menon has beeO ne~lcted by scientists for its details SJch as why arid how it 

occurs. This has been pointed out byJ.aQue (I'U) who regards this 'area as 

a promising topic for researchin marine corrosion~ 

This investigation has been .taken up to elucidate the most probable 

, mechanism by whiCh crevice corrosion occurs on 304 stainless' steel. 

MATERIALS ANDMETHOO5 

TyPle304 stainless steel (Nominal cOmpositiOn = Fe/Cr. IS/Ni lie 0.07) 

was chosen for the present study. Sheets, 1.1 mm thick, were CI,It into panels 

of size 150 mm x.so mm. They were then derusted in inhibitedicid soIlItion, 

poU~, cI~reased and exposed to natural se;l.water \n conventional woOden 

racks. Panels were retrieved to the labOfatory aftef' ~t 2.s to '40. clays allowing 

sufficient'time for attachment aflCfgrowthof barnacles.Soch manner~f seawater 

exposure,and retrieval for experiment;l.tion under controlled I~atory conditions 

was clone twice, during January-March 1987aocl during the same period inl'CJ3l1. 

This particular season coincides with the heaviest growth of barl'!acles, principally 

Balaros retia.llatus, at a settlement density varying between 2 x 104 and 2 • .s x 104 

m-2 for a 30 days expoSJre period (Eashwar, et al., 1987b). 
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The panels, e~c!lll!>l<liOg iIbout 100 batnacles,'wefe 'std)jeeJedtb,various 

environroent"'ciOQdi~iMlsill the liIl)ot~tory. : PriOr to thiS; panels 'were aU ~hecked 
(or ~~,l!(:tivi'YQ~:barnacle"using ci(ral beati~.sariindici.tiQil. Any, barn!i<:le 

lllalWl.$i~~lUIon 'retrieval to laboratory was reR'iQvf:/i in order' to eliminate" ", .' ' "_ .... ',:, "'", " .: . .'.. . 

er,':or~hichC:OlIld: be created by 8f) already iniii;ated crevice. Following> this. 

pani'!ls holdi"" aiivebarllacles :wer~ ,immerSed i(1 a /JOt "a*ater bath at 1O-C. 

twice.1Of, ~tU minutese~1T time. This ensured kllli~ofbarnaCles and 

.utac:hedbacteria:.Tr...,$fers,.. . .,. were,t~ fflade, .' to different Conditions. . ..eh, as. . 

given bel,ow: 

i) Natura1"..w~ter,'unstirred 

iiI N;awr.ai "awater, constantly aerated 

iii) DeaeratedCnitrogen sparged) ~atural"aW;ater 

iv) Oeaerat~ sterilized (IUtOC:laved) "awater 

vi Same as (Iv) but a pure alltureof SUlphate-reducing bacteria 

ii'lOa!lated. 

In addition,' certain other parameters ....ere also analysed arid', will' be 

dealt ":Ith in the text hiter~ 

Experiments were terminated about IS to 20 days after commencement 

and thiseitpoSUre time was found to be sufficient enough for positive arid negatille 
, , 

~, results to be considered &t!R.Iine arid reproducible. FOf each variable experimental; 

.. Mlnitrum ,of 2 specimens, with at least 200 barnacles, were considered. On 

I" 
I' 

-'4­

termil'iad~n of the experiments. the panels were cleaned, firs! by haild scrubbing 

and later in kihibltedacid sOtutiOO, ,~ obs4irvecl~y naked eye fOf ",peatance 

'of crevice.. ' 

RESUL15 ANq DISC:~QN 

From a' natural immerSion'test ,~, 2, years, it 'was confirmed 

that all, ;attacks Occurred only beneath d~ barnac:les (Eashwar et aI., 19a7a)~ 

TIree brOad stages in barniICleis cycle, as relati"" to (:orros.ion, COuld be identified. 

The" c,ilnbe oit5erved In Fig.1 whic~ I~lies that the flesh. after theorS.uSM'S 

*;ath, should remain inside the sheil to initiate corrosion¥id that 'e"'Pty' 

"$ileUS -thereSultant of predation by tlshes Of ,.strapods-' do tIOtprcdJce 

anyatta(:\<. 

Results a series of, labor;atOfY tests ..e mown, in Tllble-l. It, can be 

"en that data collected during 1917 and .m agree well. Resuhs Iftdic;ate that 

iri theab~e of either oxy~en or Woloiical activity. crevices do riot occur. 

Also, oxygen c,m be obser,ved to Increase, consicterably, the p«centaae of attack 

In natur~ seaw;ater. Some of tile !!<Ilient (e;alUres observed in, experiments per­

taining to aera.ted, natural seawater ....ere; 

n 'Rei:! rust showed up along the edges 9f t/lesl:Iells of barnacles 

where crevices had begun. , 

http:N;awr.ai
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I . . . . 
. ~ ivtler~ . corrosion. occurre!i, .barnades.coul4be ....prlX)te4 easily. 

I 	 ()b5~rvatiO!l~sn.nj?4t~tthebases. o(ttlclr s~lls \JI~ per~ 
. fqcated at,b.lso:places where .th! flesh:.tthe a.,imalresteQ

t 

J 
.(near •. the c~t)tre.. in fllI)st· cases). The. edges. of the. $.·llm~bases, 

· ...how~ver, r~mCline'" ;tr~lOg. 

It ·l\eed..;meUioo,her.e. that 'the 'use of the barnacle 

l shell is rIlOt ,U,itcitmirithickneISf it is weak at the sp:.t whe.~ 

t'le. ·lrgani~m.rests.ln. SOI)l~ barnacles, tile base is incol11!llete 

'. i!M the living. cr.ganismeo:'l.tacu the 3ubsttatum direcly(~ala­

subra"Danyan,198&). 

l) CorrosiO:'l began along ~he edges of the 3he1ls. tn .all .of the 

crevi.ces, . the' c~tre regionre;Tl.1im:d .unattacked. 
. : '" . ". -;..' '. "',' ,", '. 

Ii) 	 There was -evidence for t!lepr~se;r::e "f sulphides in thecorrosioo 

products. 

rable~lexplains th.lt in the a".~ence of OXYlen, biolollical factors 

(S!{8) dOMt 'p~odJ:::e a,y sil:nificariteffect. 'lVrio:re corrosion had occllrr.ed, 

in thiscase,ii ..,.asnot·the .chltaQetistic· crevice with -11\ 'Jnaffected centre. 

It was, rather. a <tiffer~t patt~n <)1 attack with a deq, pit 'at the centre. 

The .bases of the rest of barnacles were in tact al1dwere not perforat~d 

by sulphide accumulation. 

-li-

Results 01: another series of ell:periments carried out during January-. 

March 1988 a-e given in Table-2. Perforation of the shell-base, as it can 

b~ 5e~n. ~ars to CaJIe no ~ff~t in the absenc~ of biots. Evidently, a 

corrosive p~OciJct 1$ required to p~~trate: the ,lleJl and dissolv~. the base • 

The second Ofthi~seri~s of study shOws that tM oxidi~pr,*,ct ofsulpl-id;e 

is harrrdes$ in t~ absence of mvine aerobic:: bac;:t~ia; The .third trial reveals 

thate.KpoSl.lre to .aeromic bacteria, follow~·· hen)' H S' 1II;00muiation 'within 2

the shell. caLlsescorrosion to occur. It can be ar&Ued that the corrOCllli1t 

formed upon the exposure 10 natural. seawater should. be aprocbct of the 

sulptllr (:yde. This is bKause that the f1~sh of. bar:nacl~, .prior to ~xpollUl'e 

to natural seawater, had atr~ldy tI~~ act~ uPon. comPletely, by tbe sq8. 

Test for thiobKilli 

From 	the decay !M1ter within the shell, t~$ts were ITliICIe for .the 

pr~senc~ cif thiobacilli .....hich ar~ c~aliil~ of oxicllsi~ sulphid8 to slip/uric' 

acid. Salf"4lles W~~ inoculated in the element.' SU'!)M medium (sOoth "71). 

'A drOp in pH from 1 to J, within 'days. indicated the prese\'IC~ of thiobacilli~ 

Thiobatilli are abundant in seawater and ar~ most likely to occur 

in plac~5 where H2S is produced or ~sited such as in decayi~. turf within 

the barnacJ~ shell. From the resul.ts of nperi~nts. it ap~ars, moSt likely, 

that 	thiol:l.acilliar~ responsible for the production of acidic .~bstance capable 

of p~netrating the calcar~$ shell of .barnacle. To SU'Pf:Cttheseorf!lanisms 

as the cause looks straight forw~d since they ar.e, like SR8, widely 4istribut~ . 

in the world ocean. 

http:resul.ts
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i 	 Also IIndersi~' ~rom the I'esul,tsis thai killing,of microbes ttji~ing.. ,', . ," ", 

beneath tttest)ell '<1'"", those already pr~seilt within the' s,,*11 has not affected 

I 
, 	 ' 

the crevk;e £~(05iOl)ptH;nol1len,~n.,This, aISQ" implies t~~ ,bact,erh~ responsible 

, for. thisp4t,t;cul,t .ttackvery al)IIMailt ill nawralseawater. 

'fJlI;CR~VlCE..cORR.OSIOH MODEL AND' CONCLUSIONS 

IOJhe organism, tOllsicklred for, the presen~ studY,i.\aJanus reticula1Us, 

all aita<:ks ~red beneath dead ~ganislf1S~ 
As the first st,ep. the flesh Of the on~anism is acted upon by micro­

organisms, c:1"!i~f1y S~B and thiob.cUIi. This ~esults i" lowering of pH within 

the shell. 

The prodl.!ct Jor~ as a reJlJltof putrefaction, Is an. QJiidised form " 

of sulphide and appears to beJlJlphLtricacid proclJced by the action of thio- I 

.:
bacilli. 

t 	 "; 
The corrosive prc~(IJ:::t ,perforate the shell ,at, its weak centre and 

\ dissol,ve the b"se movin!, at random, ,from the centre across the shell. 

! This esta,blish!s a corrosion cell between the completely ~posed 

centre re~ion aild the adjacent crevice gap. Differenti~ aeration and difference 

inp'i" bet,ween tt..ese tllll) regions seem to be the factors influencin~ corrosion. 

r CorrQsion, therefore, begins at areas nearer to the edge of the 

sheU rather, than at the centre where the products directly, contact the metal 

surface. Ii 	 I 

• 
f 

I 
• 
r 
•Il 

-8­

Oeepest pits. within a crevice, OCcur at areas IIIl')ere shell is a.dhered 

~ost firmly. ' 

Cr.eation of a deep pit atthe centre, eSsentially, is ,due to the bl/lld­

up of an ailmlst ,completely an aerobic:: environment within the shell. Here 

corrosiOll is iriduced by the acidic product Itself instead of differential aeration 

cells, This type of attack, hOwever! is not very common. 

Finally, it. is worthwtu1e mentionin& 'that' m.:II'e direct Ilroof for 

this model would. be ,i~ by c..eful an:i precise me.sure:MAt. of pH' and 

oxygen levels within the shell. 

~~el'llel1t 

The authors ..e thankful to Pr.ol.K.I.Vasu, Oirector, CECRI, .~ 

)r.K.6a1akrishnan, Head :::orrosion OiYision, CECRI, for encourasement 

and permission to communiate the paper. 
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Table I : . . Readts of b;i,ngcle - indW:at corrosion under different environ-, 
. t.. '. 	 . . . .' ~ . 

mental conditiORs In laboratory - I 

ErivlrO(lll'leRt/V_ii!bl.e .. p«ceni attadc··.· 

I,"'917 
Test Test 

.I • 	 NtajWatse...,.ter 17 20 
11_ 

2. 	 Nauat1Caw.ter, constantly '2 
aer.teci . 

1. Sterilized se.w.ter 0 0 

If.•. Sterilized sea...ater• 0 0 

coriStaftdy aera_ 
,. N._at se_&ter, deaer.ted 0 0.' 

6. 	 SteriliZed se.....ter, dc!aerat«l 0 0 

7. 	 Steriliaecl sea....ter. deaerated 0.' 
.. SR8 culture 

-8ased on crevice .ttack lileneath 200 barNeles or mace 
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·r.le 2: 

I. 
~. 

t 
2. 

t 

"1 3~ 

~Il-

.t·· 1;': f :~,r; ,.'~~ J.nvli~:·· .' . .,,'. I ," _ .w 

.ReSl,ilts. of barnacle .: ~ corrosion under different environ­

. .' , 

.lIlet'Itai concii tiOnS in laboratory - U 

Environment I Y.iabl~ Percent a~ • 

.una test) . 

Sterile S<!awater. aerated; Flesh of 


~im'" relTlOved; 8aseof the shell . 


l'erforated w.itha sterile needle.· o 


St""ilizedseawater + SR6 (pure 


culture) 


10 days exposure; SubseqoJently 


.sterUe air Sparged for 10 days 

Sterilized seawater + SRB(pure 


(culture) 


10 days exposure; Subsequentiy 


. exposed to natural !lleawater for 


7 days )5 


• Based·on crevice attack beneath. 22' barnacles or. more. 

ACTIVE BARNAClE 

NO ·.caRJSlON 


.IEAQ BARNAClE 
R.ESH RETAINED 

PRCBAB.E mEVICE 

I • 

EMPTY SH8.1 

FIGURE 1. .Tt-R:E 
BARNACLE 

CREVICE 

NO CORROSION 

PROAD STAGES OF 
I N RELATION TO 

CORROSION 



r 

I:' 

IUNIVERSIDAUPOUTECNlCAl".?".:. 

.!.: ';:-.:\:";.' . :/'" ,. ~.' "r 
.,:.' ~""""~" ~" UNIVERSlDAD POllTECNICA VALENCIA<;.;> . BIBLIOTECA 

<. ,c1"', .~ " 
"7.'COHGRESO:INTERNACIONAl' Signatura.8.q."':54/k~..$?T 

"PE'~~i:"~:E~If$T~fONES' 
,·,.lIIINTEMlTlotW.,CONQRES$, " 
,*,IIMINE CoMoslONAHOFOUUNG 

",>';r"-'~~wE$'JNt__ ' ,'. 
DE LA ~"'El~ SAlISSURES 

....., 

'UHMtsKWl rrowKHICA ". 
v.Ieq.7.11 ~"".l'" 
, tS.MHI. 

'SECCIONU .....'_...
MeriM~

""-­
,TIIia _'''.lis.... _nM.cri'tI "'ve bee. repr~e" a.' recdve4fro. the 

. .... , . 
aut"n. TN Scientific C--.ittae takes nOt r ..,.n...11ity for allY 


etrar 'or _11l.1an 


.~ 

,<~.~ 

Lall ,onencia. ,'DO lui" 111110: ,...~1c"'. y e.t•• re,rN"cldas tal y COIlO 

lie "'11., recibillo ....~ a",taYu,.ElC_ita CientiUta.o"e responlla­

.11ila "e c_l.,,1er errar u -.abioe. 

, MI£RCOlES 9 NOVIEMBRE. WEDNESDAY 91h NOVEMBER.MERCREOI 9 NOVEMBRE,_........-.......................-........................"'-""'-~ -- --- ..-;...-....~ ---..-..... ---. 


http:v.Ieq.7.11


SESSION II Marine Biology 

Wednesday 9th November 

A STUDY OF MARINE FOULING DIATOMS ON SHIPS IN THE NORTH ATLANTIC 

o C Woods and R L Fletcher 

MECHANISM OF CORROSION POTENTIAL ENNOBLEMENT BY MARINE BIOFILMS 

Stephen C Dexter and Shiang-Ho Lin 

ENHANCED CORROSION RATES OF AISI316 STAINLESS STEEL WELDMENTS IN THE MARINE ENVIRONMENT DUE TO BACTERIA 

N J E Dowling, C Lundin, C H Lee, M Franklin and 0 C White 

SYNERGISTIC ACTION OF BACTERIA ON THE CORROSION OF MILD STEEL IN A MARINE MEDIUM 

Christine C Gaylarde 

BACTERIAL ATTACHMENT ON Cu/Ni ALLOYS AND ITS RELATION WITH CORROSION 

S G Gomez de Saravia, M F L de Mele, H A Videla and E Erauskin 

MICROBIAL INTERVENTION IN COPPER CORROSION 

Brenda J Little 



, ....' .. 

= 1...• 

, ... 
~ 

;: ~ 
I ­

:~ ,~ 
0" a.... 
: ~ 

1 Ii 
!...
• 

...............
-----­



• 
~ 


In ~1~. 1II!W'.;iaa.UIit••. coll:"<lllQii"t'l'~Jr~'1 t~",~l 'lui ~... 

" " 

••ficI~.I.i'Oiic 'ifie l"lh.orLh.,IiIl~l, 1b~;f"~~~~s~,. 

cor:..-pend."iitt;"- •...,ll...~Uaoct~!o)'~~y. ~~'~. ·H!"~).' 
''''l~.'''i'. 'ollt.'fted.,~r.pl*, ,,.b!iu 19rf.ce wi t.1l ,t.ot "l.de

. . , • . ." .. ', , ',,:',' - "'•. - .':-":- • ".:,:' . '.j-' • : 

III r.,.~,_.·.~.~··I;O»ld.t!e.r.bedf:r!,-",}~ JJ1"!.rRft~~di:lctOCIl. 
• ' ',,' '-'. '. ' , '; " • • : ',,' ,,: ' -'.'.": ,>. ',' !. ", ! • .~' 

t orvi\li~.~:~, t,,.· ..... ·.l~.•k·!?rl\.!!...r~:"t",. ""!It'r!',," All 

t ...pJ"';~~:I:""~~~~rep~na :",or~11l~~.<:~~~ ~f;J~~ .J!5ca to 

_.iIr..;.iiil~~i~i?".~ .•b •. 
, ~. '. , ' ._' .. , ,- . 

~.I;O_.~tl:GCUlW!Ir...ct4o')t~~I".;l:>yi,l!-"'t,~Ii:rOl(;Op, 
pr~__ 't~'4cIjf tt".....tC\~~~pi-d~~: to l".~h.od,~()to&tt ..~ .. ~"1.tlll .. . " ... ' " ,,". ;;:' .. "" . '. 

U$70); .~bi;-·"~b>""'.':t._ pr.'&~'*& 'f.eocll'.cI.l.t....el...... 

.;~::;E9;27~~-.4:;::.:~: 
~i:~t'_'.otth. JJI .llla~l... _""IIO;,"Jor g~.r...... 

t~c~d4l1l, ' '.,~_." .,...,.1. "ta:'". total n_.t. o(t.... 1,., 

.' lnd'Vid'~Isf*cI•• ~"wiHCU:~lan:l Y~rlau ... 8fid(or '~!=b, V&.IS~' the 

•0t.'1' ~~~·O{ ~.~.i '1IpK I~•.•nd"erl.U•• _r. ra~ordad:. 

IUuUI. .) . . . " . 

.'T~IC' .tlidl.. ·..-,th.dl.tOll cOlit.llt 0'; the alcrQfoullng 

. ,a.,l" oiIt.lnadff~ thill5 'Iilpsr.".aiad. totill ~f ~4Sllllere' alld 

1'lI7~l.S· Pl~ 10 adcU~I_1 vart.t~•• (I••; .totel tau- 2Q7) 

Id,nUfladu. fOIl11I\1. orsol_.8y far the .,.t ...11 r.pr..allted 

senUli ob..rved on thasa v....1. "'. 1I,"lcult; for which 41 specl•• 

(totel t.xa • 441. _.record.d, Other. praYalentaenera In~luded. 

'~C'SI!!"I and IUIKbl'ia.ch "Uti 15'peciesctot'l t,xe -J6) and 

~ vUhl3 'P"l•• (to~alt.... 115)1' ,Elal'lt, ,.."." of the .' 

r' 

aver.1I ,'P'c ,e~ leola. ~'. tl.lortrfl;W"" conitftM to ont, fOtlr geMu, . 

III«UvlduaI .".,..16. n.;.........MbU:M ~'cMr"'le yerlaUdn·ln tlul . 

1 
nWilber of f.Duli", dlal_ rec.r~.· reDI_'" lrOll':)$ to 120 t.n (... 

Table U. 

•
II 

It 'I allo noteworthy ift T.bl, I that .....11 oper.tlng oyer 

oc.anlc rout......r.ll, supported. lower. ~I¥.r.lty of dl.toes 

eo..parad. to th.t. of v....,. wi th • ~"''-l M-.o( 0P1lr.Uon. •
. ....H. tha dlvar.. r'/I8' Clf 1lf"I' ...... ! ... '''.t"If on.l" .~l~ _ ~_ _..:. ..... dI ....'.".• 

l\uUar ...,. found to eQS\StHvt••""l~ ~ ' .......tOll popufi{fotr~:::.~ 
. . . 

an. or ..... of thot M.,l••U.. <f.-l'. ~F .~. t~.~.tlla two 

.pecl•• 6NbQc1 !:pH...Coral. Ylr. _awl"... Mayhiul. ,,,.,-H• 
-iN .. liela:ia b, f.r Ua._.\.prtll!&l,"'.~OI!,l,l. 41.t'..... ;1'M 

forMr ....c:I•• con.Utlited ewer. 101 . .,. t ....d••'. population ,aJ 63 of 

tha lIC? "';1••" .. udo•• IqI at .~~.'U"; "~~'~ ~~..,~" 

obnMad to 'hava • prOCualHlnt .•Uac....t .~r:pb~~.o.s, ,~~~tll: ~V&I~ 

la lara. quanUtl .. of ..tl"~aUloIlar ~U..... qt~ ,.,..raloltl.tc:1I 

woer. r.cordeda. pfl\!alent .t • ~r !:I{ aUa.lnc\\ld",brkt'iY• 

(uti laaa. LJ'lIQBhou ,rae' I,.qr.lIIIIU.a. ,,,,,,,ul',C"'P'.. ;-\!ld 

St.yrPD.1fi d.clpl.DI (T.blo 2)"H la clMr .frot 'hi. a~u47, tII'r.for•• 

that It Is tlul ••• :A.Uff".,pr.,. ~ ­_11 proc.."t 'pecl.. " 

B,cpryabgs. ) which r.pr••ant tho ..Jor dla~.con~rlbutor. to blofllD 

deyalo~t an th... y....I•• 

Tables 3-5 lIbow the relaU•• percent....occur·rane. pfdl.~_ on 

three of the ....11.16 ItUdI.d. They douanat,..,. th.t i.1Ia pr.9POrtiolll. 

of the inalll dlet_ contrlbl.ltlng to th••lerofOllIl", c~IU.. 

..rleslCcordID8 to tb. hlill lito. Platoafoullna on v....1 " .bows 

both. horizontal and .arUcel trallalUan .,Uh eract for. Nina IIOre 

abund.nt III tlilt for_d and ...terlh~ r-.atonll.' _._"ar procubarit 

••
• 

.---::::::.::.~• 
• 
~ 

• 
-
I
• 
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It 120 cm sites In'a.chraslon; 

A slllilar atlidy of vessei III shewed 
'"." 

all three ...In speclesobservad 011 vessel;" " ',':.' ", ~--~'>"""'~' ,,' : ~,:' .
" B,ldshlp r~S.I~n'~ however. th••bwu'anc .. 'Of 

f 

.:.. ··,'1. "{'''', .. ,,' ..'; " . ,V_:~_ ';.";'h/ "Jr!' .' .!; 

f0,r_ bet"ng .oi-.'.bunilant hi tlui aft ;.SlOft and et' the '!'oWel";dran 
" -;.,~ !, > ,-; .. ~".'\ ~ 

leyels on the hull. Fbt ilx"'pie, ~here'appe.rs ,to be ii tttil,isitioh In 
"."':,' ,,' '. :' -, ': " '-''''... ': "",,) I ." 

dOlllnanee (raL"clCllis Yar.~ In «hefol"ward re81i?~' to 
'f .,' ;.: :.- f< ;:~v,~:, .. i. # ',i',;~,.'- ':' '.' \~,' " 

A.coff.aeCOrMIS var.P!lr'puS1Uiana N,CocY"a In the'.idshlp and ari 
'",. , ,>' '."'. " . ' . r:,' 1 ~ ,~: ' 1. . . 

raSlons. Additionally «he reletlve OccUrrence of the LlcMQpboro 

spectes was greater et ?C ,n"r the weterllne than at the corresponding 

that, In the forward region, 
.... 

II wer. abUndlint, In the 

:".:~ " ..... ,' :.
the ar..ct. sp..clu, 

a L.cncIUiI;was ~educatl ""itat In the aHraslon &loth thts~;"t;I.S and 
,. .~ ... ;. ~,," ,I,':, , .' ... ,;. 

ft, cprylQb9$1 wera l.ess evldant and". 'oU....ror.ls ~1l!I the dOminant 
~.... 

r;pecl~s. 

It,:" lbe occurrence date,r••ults shoW that, In addition tO,lts 

,doRlnanee ai;' the watar.lln. ,.1 t .. , ther. ,was" an Increas.. In the pres",nce•- ofA,p,~ryul. at the 90 ca and 120 cit lites. This IDdlcstes a me.rked 

preference b.y iti"s species for th'e h1gher drafi level reglonll of thisJ 
­, 

vessel. Generali,. hawever. (oull"! was tlomlnoted by K,Corymbosa In 

the forward reslon, ,but by 6, c:Q(,eoaconils and MuleY)a sp In the 

aldshlps .r"Slon. 

Ph!(;1I5S1cO 

" 
, .. ' It 1 • ...,lilant (r.. tbe.a r~ult. thllt .U the Shipfiex8llllned,the 

IIOjortty of wbich were prlt.ectu Ity -.oderaaittHoufJll&'pelnta,, I 
: _. ,:'''', .,' " ", .: .. ~ . . . 


sUp,Por.ted illcrofo'!lInlcOM8Ui\1tles. dominattd by a ",.de ~el'lge of. dlatoll 

. ,,' '. ". " ',..... " ." ' '.. 

spedu. Of t~e_~!rlps ,:xailiineci III ~Ir s.n~••UI!~UOll. only one of 

the5., .ess.. 1 .IX. had tha (o,,'IIng gr.ow'th lh ..husted by' organisms other

•l 

than diatOMS. It, Is notable that the, tote I numb!'.., o( speCl"s 

Identified frt'lIl th!!Se vessels was 191, bul that lIIO,st vessels stlpp,orted 

between 41 arid 72 .!"'etes, whilst Indlvldual,samp,le sl,tes rarely 

supported IICrethan a t:hitd of the '1essal,totls\. ThIs Indicates that 

the majority of dlatoa specIes occurred.only, oCC&$lonel1y ,and 

sporadically. This Is In ogreeMnt wIth the re,sults of Pyne (19111)' 

who slllllarly Identified a large number of, species frOIl) In-service 

ships but found that only 'a I1.Hed number loIere preyalent and 

pers1stentccllonlsers. A slmUar situation has, al$O b4!en obseryed for 

mlcroroullnS of antlfouled static panels (,Hendey. 1951; CalloW, 1964, 

Hie6; Robinson et a1.,1965>, 

hi the present studY. Only nlneteen.specln wer .. reco.rded as 

I118jor fouling oi'sanlslis on 'the '1essa.ls .In that they c<?nstltutedJllOre 

than 101> of the diatom population at a sample site. WithIn ,this 

group, the most abundant and frequently recorded 

coffeoeforllls(pr.fllllrlly "ar.perpuslllo) and. to a. I,sser ..xtent • 

Novlcula cC!rymbo$l,· It Is Interesting to note that botblilpecles ar.. 

slDoll, procumbent forllS that were obserVed to produce .Iorge,quantltles 

of extracellular IIUC IIage , Amphora coUeoeformls has previously been 

shown to.be II cOlllllOn foullng organism on ontl(oul1ng paints .fr,olll In­

servIce ships <Bishop" Sliva. 1969; Bishop et aI., 1912;· Daniel at 

aI., 1980; Pyne. 1961> and from ,stetlc,panels (Hendey. 1951; Callow, 

1964, 1986: Roblnsori et al.. 19115), SI!"lflcantly., N.corVllbo~. has 

not preylously ,been recorded as a .mojor fcullns orsonls~ onaltber 

stattc' or In-,.rvlce anti toullngpelnt saaples, It h. tioweV'er. a 

smoll species wIth a 1l0rphOIollY Similar' to a nUllber. of other' 

n,;';lculold dl";tm end l118y have been overlootted ami/or, Incorrectly 
" , 

I~enttrted In pri!vlous InvesUgliUons. A<!dl.t I ono Ill'. llembers of 'the 

r 

http:1essa.ls
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• 
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• ...•·2~i~iiJ·f;t~ls;l~Eff:::.h~ 
~ .. ·'·=··~T;~;iE~f:::~L::::::::,:·

• ~ .. ~

• :!:f:~t:~:7:i;:;-2:~·;~;~r·~ ..... 

spec-,e~ Qft OCeal! ,o.l.nl ves~els(~! Vessels IV; Xl and Xli) c'~lipared to: 

.thO-II ·~pv.t·tn$lnc~staiWlit:e"s'>ThI~ ·Is. ~(jbiablytht! resuU of 

_;~:~e~r.chMs~' III teapetlltilredueto.lIOvelll!nt b.h,eO!l\ poler, 

tti~~t~etldtroPlc.irealon!l;and to the .l~r n>itr.lent a.,ialla~III"y 

•• 
t 

.. of ot~anlc:weter's cOllJia~' to. c~stal_ters"The~era'ifQnelspeeds 

';f tIM! oCtiah Sl!lftg ships .Wer., riat .slgnificanUy grea~ei- ih~n anr of 

tile. coastill vt.s!I!elS 'and w.sn.ot.~thetefore; I Hely to be the. mojor 

• 
••• 
•••••• 

t 
e~use orreduc.ddiat~1i dl';~l'sityon tllese vessels, 

The. (0I"liu18:tIOn. of the ant tfO\l ling, paints appeared to have Ii tt Ie 

'slan l fleant.:~ffect On the dlatoa compos I Uon· of the IIlcr.ofoul Ins f 11115 

qn the vesselS',· It: IS notewrtby. however, that two ves.sels protected 

by. paints .c·ootilnhi! only 'cu,;OUS odde as the bloc·lde exhtbl ted 

fo~lliig·at~.'tentlr'.I'. dominated byAllphora coU;eoefonals (vessel D. 

andA,Cp(('Ufor.siiand StaUrQRels declplens ~vessel V)' . Conversely 

tWo ve-ssels coated with paints tontalnlng ~p~rtlcular1y high 

oq~ari?tln .loadlng,eg vessels VI and ·~II, hnded to exhibit an 

.Increesedpreval'ence by other speCies, prillartly H,corYmboso, at the 

expeii'se of ", l;6Ueaefotiil·s. Variations In bloftllll compos It ion on 

,t 
•l a 

I 
d Hferen,l ~al"l'fori.u'Jet .1qrt,,,~. ;fire-ii i os 11. . i>een demons lrat i!:<I I~ot.her'; 

l~Vf!stlgatlO~(~allOV:'o 1984.,~;,~e.~I~j1.,rOr\"~ II!Ij~itYOr .J 
vesseh,'- "~ii~r, no 's-oct.. :re~t~c;."~~" "",S foo.iftd .nd .• ·rtYP?~~d;l. 

I 

I 

I
.". 

dl fh'r... ;'<isl"',.f tite ;lata.;~:·tii".t,:,IIit"d:'J'-or an..iber·~v"-Hl~ 

<U;JU nu. X. XI1; Xr'lUOi'Xn'thresults sbOwH,ianfnCre~il4liln ItheoccUrtencii af ....d Iit.li~ spec le.ot !en.re 's.ic~· as· khnantb'!S 
"," '. ." ",'- ,"". ..".. 

and Li(1IQl!IImj! . Mdlor- "ceos hbe,..oducinc colonial speCt.~s ,uchas 

!erk'ltnr"tU"i~~ IIo.icuJA rws{ssl*O at or lIear tlMi ..'erltne I 
co..perect to' 10....1'· ..an 1,';'1., In this respect H •• Intar'estlft, to 

note that depti of I~SIOn ~dll!ht 'Intensl ty"."e t.eeft.·si.w to 1
Infl\ltince beth :,tt.i t.t.! 11'1011..5 tlolMl4•.19611 and dlnrslty o(~dl.toa 

colonlslltion :(lacOtl • T.ylot, It76;~tuPak etal., .1976; irlidOll • 

Botlrseti 1M3; ")'I'Ie, 19&7> ona ranse of !l!ubstrat. Includlns I 
ant!foullnspdnts. More merally....rtlcill zonatla;, of foullns 

orsanisllS was 'lso observed on In-service 'ships by SInha. <1978> and I 
Benha.. and !altlns.r <19791. It Is.·not.bie;however, that em a nullber 

of vessels <III, IV, IX. X, XII, XlII, XIV end XV) the IISjor fouling 

specle.s., ".,hora cofreaeforats and Navicula 'corYllbo$o, were IIOre I 
abllndant between a"proxllllltely 30 CII lind 300 cm be'low the water·llne, 

Correspondingly these species senerally exhlbl-ted a reduced abundance I 
weighting for sites at the waterline and at the lower draft levels. 

To some extent, the .vertlcal varlattons on these vessels tended 

I 

I 




t 
'7 . 

to,:I>f!,~¥!l~.by ~arftiOre'_rkedhorl:l'onctal V~,rfatloll~ wtttcli are caused',.: 

1:!1; ~~elletJr' of,. f.IUld.,~~,r' fo,:ces ~ ,the attached: foullnl!0l"l~anlslllS. 
• • F ",,>~"~'. . '. - . _ ,,/. '_ , 

t ": Thei""f?r\toul:~nl3dl:;!?~.§:,!,,;::~.~.~~~hlb;lt. a'wlde ra~, ~f~rpliologles 

• and a.ulK:h~t,lIIIeChanl~,1I!iI which aHotd varytn~ strell8ths of adhesion 
"," ,,!,. '. ,.~'~ > -.c,· ;, 

,\IIl,del:,;.~"'tI Influence 9f .s~ear forces which In thelllSelves alter In 

I nat,yr" and sev'!.r;:1 tyalol)g the length ofa mvlng vessel. Horlzonhl 
,-:." -, ~'" ; - \. "'­

var:),ap~, Inthedl.~toa c:~osIUon of IQlcrofoull.ng HIllIS wa. observed 

I 
- ''':'. ;' ":.' " !" ,'" - 7·' \ - , .., .:..,' ;:.; ":.~..• 

on,vesseilli I, II, III. ,tv, V~ ,VI'" Xl, XII and XIV, usually as a cha!)s. 

11\ th" ab""dance of' dOillnance of' the dtrhrent species. Mlcrofoul1ng 

• 

. ".' .' .' - .~,:' . , ',?," :'. - '<'I ' 


JIl).,s ql'l,the JlajorHyof these lI!!ssel. were dOlllnated by 4IIIlI!m:D. 

I 

,', , -, . ~ ',! >',' - • :<~ - " - ".",;-, - 5 ,;' ;-' ~ ~, '-. 


eofftufoialll I!Indll,ylcul, corYlfboso, but their relative occurrence 
, .- 1: •. ~;_ \---,;;" "_"';I~~\ 

Wa.,gretitestll) reglorl' were the :influence of sheer forces were
." ",,:", _, -u' - ;..'.' -: . '-" .. ' ,! '-f . ""' i'. ,._~ 

*!nlllllli. FOI"exa\IPle A!,cgf[eoeq'rlll~ wes rec(lrded as 'frequent' or 
, ' 

, abundant.' 1n the forward raglan on veSSell. 'COlllllOn' In the IIldshlpt . 
.", " " _ . :':)'iJ .- ~'! _ ~.:.W 

r~gl,on and, 'colllll(ln' or ~pres~nt' In the art reSlon.Thls· type of 

• 
~ 

<lecline I"the I\blUl!1ance, of the only ntenslvely recorded species on 
1 ':" ~.- I', 

• this ve.,.i can be forrelated with the character of (low pattern about 

til' huH"spectflcallythe Increase In flow turbulence along the

• 
t '!en!f!h ot, the hull., on the hull of vessel II the same type of flow 

4?harecterhtl.c. prod!,ced II trans! Hon In the' ebundllnc:,e of the uln

• species. Mlc,rofol.lllns In ,the forward res Ions. where flow tended to be 

1&lIlner. ,WIllS, thicker lind domInated 'by the erect. stalked,specles•
• LICIl!O~gr1l,srllclu~nr.~ whIlst 'In the IQldshlp and aft regions

• 
 " - - . " 


tlte 1I01l1'nlint. f.or"l!I '>!ete ,the SlIIlIn. low proff Ie. procumbent species. 


~;kQffe"(OC!IIB,Yar.pe[l>usllll! and N.corymbQsl!. It would appear that••t the sniellerprlXumbent spedes. partici.tlarly A. coffeaeformls 

var. p~rpus!pa, whleh halle been shown experimentally to exhibit 

• greater ..lhch_nl slrengll) I,h!ln Achnonthes end LlcmophQre spp (Pyne 

•
•
•I 

• 


et a1. .l'984-' _e'lMitter able to reMain atta<hed loOth.se surf'aces . ,'.- -, .. 

under tudnd.nt tl~ cMdHlons. 

It h•• ,.1.0 .been obser;,ed, <'Iood, II Fletcher, "np~U!lhed) that 

the COJl'f!e'~~t\ve' strensth .f attad"aerit of the fOur' Min fouling 

diatoms obsery.~ in the preseRt study correlate. clQSely w~ththelr 

relative abun.anceln lhe f,oollns salJlPles collectecf rr~. In-,servlce 

ships. The..,.t abundant. species, Amphora coff,oef~,I' 

var'.perpusllla, exhibited the strongast Initial attaC:hlH!",t~t..ren8lh 

end the aost rapid Incr..... In adheSion. Heylcul. ,grY~O!Io,whlch WIIS 

fer .ore IIbun.ant than I\c:bnaothl!s .pp and LlcIIOphQU spp, but less 

than ~ .pp.•.'rs characterised by a high InlUt'lll~vel and rate 

of illcrMse,tn attachment strensth. The two stalk .corllllnS,lIipecles 

which were .ark.dl, leiS abundant In the alcrofoullng.aaples, showed 

much lower IIttath..nt stranl!th than the procumbent ~!lQd 

Navleul••peeIH. 11Iey a15" exhibited relaUgely little IAc1',..se lit 

the Inl tlal aHachtoent stren!th between one and. 24 hours,. ",11.5 IIOst 

dleotOil settleMnt on 5hlps' hulls IlUst necessarily take' place whilst 

the lIessel. are statlonar, the first ,24 hours 're critical. In 'the 

successful ••ttl.Mnt on these,surfacas, 

ActnQwledceMlnts 

We woul. like \0 thllllk the Itesearch Orl!anlsaHon of Ships Compos I tions. 

Hanufactur4tr,' (R.O.S.C.H.> for finanCial Bupport(alolerded to Professor 

E.B.Gareth lones) and. In particular, Drs O.P.Morrl. and l. Borer' for 

helpfuldlscusslolls. 
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Table 1. The rel,tlve distrtbllllOnof dla\o. talia onln_,-s~rvl~e , 
~. 

Coasha: 

!~/ S',ptc le.-

COastal ·--H 

,Co·51,·t til· 

c'Oest&1iOt:~c:-IV;' 

Cout.1 

.. 

• 
w. 

Ocaanic 

Coastel 

:" 

,Y 

V1 

VtI 

Vln 

1lC: 

X 


Xl 


XII 


Xllt 


xtv 


xv 


::<~5: 

-:':1." 

t!' . 

Z5: 

211: 

'7 

30 


,25 


'0 
17 


19 


16 


'. 	 25 


25 


~7' 

- 511 

-'47 

'lSi 

51'" 

rt3 


72 


1%, 

66 


30 


51 


-41 


56­

59 


TotafTjlJa 

. 1>1 
' ..... 

;. ' :~5.9 .• 

-;,'-6'-· 

51 .. 


69 


5? 

-, .120 


76 


16 


13 


35 


55 


43. 


10 


63 


I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 
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·'table 4"Rsileth. e$rcept'•• OcliUi=rence of!be",fOifoullns Dlatol!! 
, ' • ." '". .~. ':, . _."J .' • c., ., , ,,_ ".;. .... ".' :'.' f 

Table 5. Relatlye Percent.ge Qccurrence of She Meln foul Ins Pi.tom S~clesl~kl"~!l,#Q__a~id!!llhr{!d,_ffo,y'ps=!,i HI; '".'
1" 	 <i1!ner. Idelltlf!ed fcOl JeSllel XII 

• 
_~,~.pJe." te(~!lbt!.~ow water line (W/L)

end" occurrence' (%) .' 
Se~le .Ite (CI!! below wet.rllne (W/L) 

ri 

. ".' 1,'" , 


and occurrence (%)Forwar(j 'M'idsh ipI AftI.···.~.· 
1%0 . lilt: 60' 150 WIL 90 150 Eor.....d ElM Midship Aft 

Species. 90 270 390 WIL .120 360 450 -450_ 540 600 

I· 100 100 94 100 98 100 100 

64 58 66 0 6 50 26 Acbnanthes plrvul. 74 o 100 74 o o 

28 7.0 911 34 100 64 32 	 Amphora coffeaeformls 90 38 92 100 100 100 

I- 100. 100 .00 98 70 26 74 8erkeleyo rutllafts 40 44 40 100 24' 56 

II; pa.UdocUQfdeS 6 l'8 o 4 2 24 2 8 NovIcui" sp 18 72 10 711 .. 1QO 100 

·WiL 

100 

36 

100 

t 
s,n,dra fasclcylato 4 4 o 4 ·2 4 4 16 N, cOCYllbOS!! 100 roo 94 100 46 '40 

'.' H'PSeudocopgldss 68 4' 46 20 2 2 

~er.ii.· 	 "f~/;I • 

1· Gener!! 
--·,·,-". aiMintbes 	 2"0 2' 2:)2 6 o 22 

':'~" . tOO" 100 ,',10094' 100 '98 100 100 AcbneDtb.s 90 o 100 74 o o 

.CoCcPrijl 5 ' 4.. 2 o o '-11 o 2 o ~ 96 48 .92 100 100 100 

.' ..lm.boro,! CpccoDels 8 6 10 2 6 12100 28·- - 70' 96' 34100 64 32 


,lioirlcUIC!.········ ;~- 100 100.100'100 ·98 75 26 74 Ltcmqphorl 2 o 16 o o o 

IU\scbfo 2 0 ,,0 ".0 4 0 0 2 It!!vlcull!. 100 100 96 100 100 100 

...~. 4. <.4. 0 . 4 ',2 6 4 16 IH tzsctjlo 10 0 10 . 0 2 2 

.;·Qtbe-k· .44 7..4 6266a,· 66 62 21J 	 ~ 12 0 10 4 o 0 

Otbers 60 48 48 100 18 51 

• Semple site on flat.bottoD of vessel 

:~: ' 
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ElHAIltED CO~R~ION RATES OF AlSI 316 STAlN:I.ESS STEEL 
WELllHEMTS IN TIlE MARUI! ENVIRONMEiIT DUE 1'0 BACTERIA. 

Dowling, N.J.E.l. Lundin, C.2, Lee, C.H.2, 

t 	 Franklin. H.1, and WI'Itte,D.C. 
' 
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ot':tenne•••e at. ICnOx'dUei 'TN. USA. ' 
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~ 

ABSTRACT 

St.atn1e.s ato1 couporill or Yariouat.y.,.s,lneluCItns 
aUlj)pnOws ..l_nt.a, va"e aubJec\;ed tobacHrlal .t.tack In 

, •a 
•
t 

art.UfOlal ·..awater anibionit.or4id u.l.eiectrochtllical 
l.peclil.nce and_Ii .11_ c,.dl1'CYolt_t.ry~·UnpoU~ed 

. -ewPl\l!ll vlt.h a ,tleat-arriOtfld lOne (iW:) vere at.t.adked rtrat.· 
aidlipp..red to be the I!i08t awsceptlble.The OorrOalon . 
MCbanlallaot. t.he dlUerent. couPOft"'tJPea were eheVD. t.o be 
"err different In nat.ure. 

, 	 •ImODUCTIOI 

Serlows fsUUrea ot .''feral all. due to 

~ IIIlc'rotliolol1cal at.tack ha"'been obaer'fed In lad.trle. vitlt 
. 	 . . 

.1p08"e to. wit.reat.edvater. Th'~ ti"'e Included boUl,• 
olrc~lat1nl auppl, aftd at.qnaU•.a1at_ such •• dead· ended ,, "'ri,nolPlpln,.(Kobf.'ln, 1916; Tat.naU. 1981). 110 

est.abi,lahed, <Mntra1 'hfpothe.la tor the COrrosion of ...tala 

by iilcrObta~. 00_"& haa ret been ·JlI'0ped. and. toted..,• Se".ral .1IIOd81a u.,.•• '~!M'''r. beenau....t.ed torlodlYldual , ~. (papt.t al~.:1ge~). . The.. lUcPet.1one Iii.,e rnol.,.d 

..ln1r aroouncl t.tie .e tr~dl.t.lon&l OI'sanll118 sUch a, 

aulPha~e-r'IcIUOinl bIlot.erl& (SR8)••old-produoing termentera, 

and Ir~n·oXld1zln8 thlobacUll eto. 

• 
t 

~ 

•t 
~ 

t 

I 
Although corrosion du.e t.o 1ndlvldual lIt.ra1ns 1s liell I 

est.ablbhed, the locat.1on and interaction of those .st.rains 

w1thln.a. blot~llll .1s D(!t.. 81111111t.on (1985) bas elucidate.d t.he. I 
lIOdel otSRS vI11ctiare prote:cted trOm oXJ'pn bl OX1sen· 

resplrlns aerobes. Thua In a blot11. SRB ."e to ~. tound 

assoclat.ed vlth t.he oXlsen depleted ..tal lurof.ce conce.led I 
bl aerobl'!s and aerOt.ol ...ant. .rerlll!nt.eri. The oerroslon 

ProdUC9d.b1 such a cOlllll,llli t1 t.hererore hiai a. ~\lCh t.o do I. . 
vlth the aerobeS as the SRI. 

. 
•Cor~IOri due .t.o 1I1cr.oorganls111S t.erida t.0 OCCIII" at 

, 

dll1!l.,..et alt.ea and "pnerallsed corroalort'••1 _.pUtled I 
b1 .U01. In lOw pH tn~lronHnt.s, 111 a rue .nent.. 

Put1oular11 pl"OIIIlnant. iIJIOlI( t.he al te-a.,.oll'I0. rallurea tine I 
been va1dllent.a~ In t.hia. art1cl.verillpOrt. t.he r~'pld 

deterlOration OraOM autopnoWl v.lds(vitbout.rlller. 

..tal) In contact with a.lnur. ot ..,.lne .10rOl',anla.. I 
trOll a.d1.ent.. 

IEXPERlHf:RTAL 

Seyeral atalilloa ateel coupona .ver. tabrleat.ed tOr 

t.rlal .salost Unaeleot.ed ..rlne·blct..rla. The.e coupo~ I 
vera ot 3161. Nuclear .Grade lliatarla1 t C 0.0161. "n1.661, P 

O.oUI, S 0.0111, SI O.'TS. Cr 16 •.31. 11110.131. CuO~18i • 

Mo 2.111. Co 0.21. N 0.05111. tlte aU01 sheet vUobtaJ.il.ed I 
froal Eu.t.ern st.alniesa Steel CO~t Pitt.aburgh. ·PA., ' USA•. 

The t1P's of CoupOns t.eat.ed included aut.Ogenous welds In t.he I 
2 	

I 
I 

http:t.eat.ed
http:vUobtaJ.il.ed
http:Unaeleot.ed
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http:ProdUC9d.b1
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•• 
• 
 <'lUI-welded ~I!~,~'~ tJgn.}~w.:.u,:\~~ ~~~!I\!~,l~;l. ::P,g~lSP!!,(I,.!690t.
• 
• V!i ~)~~~~I~~?~~ ,we~ ~~,t .'1~ ,P,?,~ IIIt:i.~~~ II!Ital: S~pleS 

• 
were" .\leld"d. ~U.h .t"".II,II. tun,,~e,r..rq PrOO4!IIS (OTAW). The 

, •• ". • """'",' + ". c. ". ' : ';'.-v ,. ~'. 

• 
terri t".<:9!'1~ent 1n the !f;~4!d .li9ne vas, 3.8 terrl t~ nlll,l!er 

• 

(11) ..a~l.!r.e'~,,~y~ap""~"~ 


• 
TI1~;~~:'CII~~~~P:O~ Vl!Ir."~4dedl,n,;e~x1.~e resJnand 

• 

pIscedlnthe bott.o. ..11 ot tvo (15 ca i.d•• 1 .III,L)' 


• 
pol:nrOPY~en. ,pi'-a: the coupo" s!ll',ta.v:e.r••aCleUush 

• 

vith the l~ld~ v~i.l :ot;t,!M.,Pip,"T1~nl_ ••ter 


el.ctr"Odee an~c.J~i r~rer'~4Jl~tro!lea .....re pr,O...~~d 

tor each coU,on (tJ.l\Ii':e n. I,~iln. 18 CWPQna v.re ,• .xpoaed. 1ft the two pipes with thr":"repllcat.' tor each 

OCindl tion(e" sbo••),to .1th.r .t.rll.or Inoculatedt 
_cila. nie plpea •• aonl toNd dUrlnc a tourtMn dayj 

• • • :., • '. ,~: • .f~· _ i'. '.~ t~' ! f ."' 

expOsure period tor pIi. rillic aCid eontet ('t'Olatil' tattyt 

•
,. .chl.)' arid ft\IIhr.of i~"~·eella. 1M COupolI. ware 

perlOcilcaUr ••iiWit b; 0,0-0811' "hntbii. 

eleCtrOCh.lcnliije~ ,,..,,.oIiccipy'(I.tl$;, '.Dd _11 

• 
•• 
t 

_plit.~.1itel1et'.it""t~r (SlC')~ ..IMBr, .....t the 

coupone' v.i. jUbJe~.dt~ca-v...lli 'jIol&rfutlOM to' OiJi.ill 

..hai" .r~;'I-.r:1iM '. c,~·W~1a·ttl •r-rilllil""'. n. 
'.....irider ..,.H. •••t'i..bi. fer 'lirt~c.' ...al,..le.• Eitctrfoof1:.dcai l~dinMiaiuil.h "'s ~.r.rrl.1I 

:.<: 

.lit loIS!", 

•
t 

• 
a Solartrdn 125d';r.re.:i~'ri6~ reiipOil'seanal,w.nd "286 
potentlost.t clcintroHi4 by ...~vlett,;,p~clcllrd~10 

• 

..": 


3 

It 

,t 
" 

;.:. 

microcOlllputor. Fre(p.lenclu between 10 'KH% and 3 "21 were 

selected with an Interyal or 5 or 10/decade. Slanal 

IIIIpl1tucie waa set at 5 aYres. SAC' Muiraents _a 
1" 

carried out phanolltat1cally vith a axl_ eveep ot !lE-8 
, ' , 

laps. at 0.2 aY/eec (equhalent tor the apt.>. Cathodic 

polarlzatlon aveepa started at the open-cell pot.ntial and 
.t.," 

proceeded at 0~2 .YI ..c to ,-0.8 Y. 

The ..dla consisted ot the,tollowln, (,/L dl.t111ed 
• j '.• 

vater): tlbroUII cellulo.. 2, cellOblos. I, ohlUn 0.125. 

'" 


yeaSt extract 0.1, starch O~.. -Instant Ocean- ,(lquarlu. 

, \ " ' " .. 

spt.lI. Ohio) 30. ~lex ..ita1na (Dovl1l11 .t d., ,,88&) 

and trace el_nte (Ptannl, et .1., 1981). After .epar.t. 
, , 

.u~la't'1ft1in la""lIl......u.ei•• 'the pH ot the~led 
_dta vu .4just4ld to 7~5 ..,lth sterne ••~3-, 

Inocul.tIon ..,.s or the orpnl... that vev tra. .n, 
, " ~ :: . . 

Inoculu. 'ot 10 als ot 'IIlaetc .ulp/lld...rl~_rlne .edl!Mnt In 

a test4tube or cellulos./ch1tln ~la~ 

Ol'l!.nlc yolatlle tattr ac19 produced br the .1~,lota.. , .. ,.' . 

vere IIOnltored by peCk4tcs colUIiIR ps chr_top'ap/ly USI81. 

Schlucizu CC-9A vlth SI'-1220 peck1,.. (S~"lCO• .,.ll.tOllt., 

PAl. 

The ,syst.. vas eterli tied wi th 'II J toruldebJ'. attar, 

vblch the Interlore weI'. vashed vlth .terUe CSistUlN 

v.ter. Sterility vas IU.lntlllned In the COIItrol pipe by 

IntrQduclnc 5 aM' &odium azide. 

Ii 

http:reiipOil'seanal,w.nd
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~ RESuLTS', 
The rluOtuatl~ in ~pen~ll potentlal are recorded 111 
,-, '",....;. I"· ~ " '"""', .tt 1'1..... 2. lotablr. "ru1 3; the potential or aU the 

'l_lated;CO~ teil' to iirouOd -00'8 V/sct~ and atayed In 

th~_ r"l,on ror the dur.tl~n or the ex,trt..nt. "hlle the 

it stel'll. cOUslons r..lned at lipproxl..tely -O.05V1SC£. 

It ""Ue the ·~~ti.til~rtb4i~"'II'lded cOupOns expOsed to 

bi.~~erl. dW~e4~to':O:51V1SCI!: ,,,iiiln the, rlrat2­

• e.oura. t.h.. ~t.nt.lalaOrUet.h.poll~d coupon_ did nOt " _l~~e'~'lcN potefttlala to,. a;urtlMi~2_ houra In t.he 

• 
~ 

cue ortrutpoll.bed vel48 lind -8 bciars ror t.he ......tal. 

, __". bt the eyc.lution ~r'tbepolarl.ratlont 
r"l.Un~H(RP) fit tlMooUPO~ la ~"iI'Ited 1~ table 1. 

, .. :", :' ,',.;' "',' .. 

'I.urea 3!i'iftd 3" _ the dUrerenoea a"sened In lapedanee "j 
'. ' ,~\. '," ':"w:r:: .. · .'. :. \.-'. . ..'". ~: ;: . . 

tOr t.he ditt....nt ooUpons upoNd to the .loroor,anl... at 

daya 1 and 8. 'laure _ caPilrea .'tb~ lapedane. or the•,. 
pon~'~e .t:&l .In ai.rlle ancllnOolilated condlUons at.. 

, dly 12," ..tt";~ elibi '~~ expoaUr~ to the arUt1elal 

...".te';.ii1",rrefPenoYClpaclt.il" l~ !lere oblernd In•It all the cOUPonaexpoaed (rtjUre 5). Rp ror the aterne .. , aOupo.utveJ..oai~ "'i~ "sAc"claeito the y..., larae 

I reactailceot i1if~ro.li:in cell and the dltneulUel!l In .. us1nl .hr"b;10~/tr.~nel~;«oJj(j3 lfill.Th' RP valuea 

I ror the as"welded coupons In the ~reaeneeor the iI~c~obe~ 

5, •• 
•I,. 

shoved a rapid decrease (increase In corrosion rate) 
,J' 

.1aleked to a lesse;. extent by the poliShed coiap;riS'(days 1 • 

and 2). Atter3 days howeyer, the poUilhed coUjlOrus appeared 

to haYe"n1tol'alylo"er nluea ror Rp tun the aa-:"elded 

coupon&.. In aU cases t.he s..11 nluearorRplndlcated 

that the COI'roslc>n rate vas raster ·ror the li1OCUlat~than 

the aterlle coupons. 

Orsanlc acid anal,.aia ahO"edthatacieUc acld:aM 

bUtyric acid ve"e pro4\i~ "y tlte bIIloteria durinS 'the 

eltperll1int ,1ft ~' rolieving _nt.itlea and lOW pit i 

DAt AceUc '(Iff) ,. Butyric (111M) 'pH 

2 ID II!) -.1'3 
a 2.5 106 -.03 

12 ' 2.1' 3.1 3.83 
U 3.5 _.1 3.86 

Anal,..l. or the, ater!!. a,..t. ahOIIed no Cleteou"ie 

yolatn. tat.it acldaand a pH ..Intaln.d ~t 6.8., 

Hlcroecoplcal obaerYatlon or the lnoeulated .la (fay 1 
U)b1 pIuupI. contrast usIng a pe~rorr~Ha......r count'.~ , 

ot.a.beI' iIhOwed 6.6xl09 ceila/al. The I!IlII'rlOeorthe Coupons 

","",. Inspected at 1001. and 200Xlrter NIIIF',.a~r.,. tri~· 

pipes. Se1'lra181oblllar~ypeodde dl!~,.l!~l«Ir~C>ba~rYed 
, ' 

Ialons the ruslon Hlle In the ~"',,,!,elded;~~.qirirul , ' 

alcroacoplcal eltUllnlUon renlled ttult ..,ot't.h~oltldea 

~e ·~t~'ed. ~'l!Iultln8 In h"lsphet;~~l\ '1;~~;'(t;.~e6):
• '...' ". ~. .; >," .... , . .. • 

Hore or theee oltlde-depletedplta Wel'~ Qbaerl'ec! On, ~h. t 
. , '.. "'".' :/\?. :'''.' ;;, .';: 

coupons, exposed to the bacteria than thOle In aterUe 

I 

I 
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.,
condltiona. 10 allCfl r.Uures vere aeen ~~ '~nr'or' tile 

-":'" ,~~ .. '. ' 

POllebedcoupone. 
:' 'I .'" " ""; ,~ ", 

'Dm;V,SSI. )~" 

,.Uur. or velde In r.v v.t.r.yat.a due to" 

lI1orOlll010iiloal ~IOl".t1on I•• oOI'uIlder.lIle .".0111... ' 

VntortuNitelJ IftUi'wartcW' ;.f(JiC-..'Upoil :tlll. 1II"•.•i'~ . . -. ' . 

lllldiit. GttNItbU',,",,'1n ttMr MUIr. or .ce.e ·atl.ii:t1 (Kobrin. 
. .' . . . .' . . . 

191'1 T.triiUj 'tin. "tlittal 1..,10.1 .nal,.•• --,u..~. 

IUlatenitlc (r..c.-e.t.... ,·GQtilo) .Ulnl••••t ..U-are 

·"''*It;l..... itolloliit:..~:44i,..rodtlil,,oft,'. 'I'ul.bl•• 

(peale t .....tdj".....·,..tal . ..oa,o.t.tlOll.: .ri4 Nt.·or: 

c60Un.et.e.ilU!lNd I.,'. 'lf~liSl"'JII"OC..sll"loI!f!fl" et d., 

1M6)~ .Ve~.d :'_*\tiilt.1C1ft>~iI""\liClllarlJ ...ocl.t.ed .\lAth . 

theMtt. .rreCUti~(ii:d $blot1;v.......ent til' the. welded 

....1.. citW. at...,." 

III onter to"""" eor'i'OilCICI ~.lor_l.l couortl., 

OOIIPl... l.lllt,U·..11IIiHI ............. ,... (....~.l) ..J.o., 

and chi Un).·''Tl'ItM'....'''''.teeweH'.UO'- i •.•~bt••t 
. . 

the' bot.tOil;,or .. tIIe ...........1.. u.., ell:,.rt..nt :•• :the, lIi,ht 

VhI.•• piiit'1:••tl~to tau It:ainut. In.~. 

ooMn.l•• ~l.;~tcF~ rap1csir .tthelGt.t,-. 

Th"* ••••~,.rttc;)...;..'wen .~Oe'rbll~e'cerroalCICI.. " , , ,". ," " - .". ..: ... 

I 
 prObleullif~~r""fdl1.. .Ni:ot;.,.rille. 


fh.I!~~iiiu~et_,~H:u potllfttt.itoCI')U'.ll 

.,I 

f 

coupons (tigure 2) shOwed that the presence or the bacteria 
o • • ,', 

deereued the potential In alleuea to around -0._8 .,ISC.E 
'-, ..... ,", , , ' 

vhlle that or the eterUe coupaner_lned relathel, ­. ,. 
conetant ot'erthe n'd.,.. The OCP or the .• ';",veU.d :~upone 

Changed vi thin the ttrat 2_ hourI VI'Ilob indlc.tel that l.t 
~ .' 

. vas IIOre .usceptlbleto lnltlatlon or 00I'I"0810n than the 
. . . . '" 

polished veldS or baH ..tal. 

EIS contll"tMd that the AV coupons ver•.•tt«clced dUrin, 

the rirat. tvod.,a II, the blcterl. IIf IIhoVlq •••11er I., 

".lve. Arter thia ln1tl.i periOd the u.r... COI"~I!Ift 
. . ' t;. 

r.t•• or the ~lllhed .urt.c.eoupons (tIot1l ".ld.dead IiaM 

..til) weI'. b.t~er 'proballlf'~dueto tbI 1....er.,... 

unprotected II, obr_l.. odd.. (1IO.t1f Cr203) tints VI'Iloh 

ver.oliaernd In the .....L 1'be.. tints ~"'I"ed • .1Il'1tt1C&ftt. 

proportiQn or tb••urr.ce area or the ....v.lded eoupoM .nd. 

haye been shovnto .rrect the oOrroalonbabnlour or;~rlo_ 
austenl tic steele (Kearn.. 1985). Ets _ ..ur.-nta .11'''' 
well with those Olltlt~ til SAC' .t low re.ctance•• howe,,~' 

, 
.t "iiI'), h~,h reaotanceil there ar. dbore.,.ocleil .tween the 

two teehitl~ee.nd.are tel lance v.s ,l.ced onSACY 

(M.cDOllald. 1981). A"er... C!OI"ro,lon rat.s IIIIoVed tMt th. 
. . 

coupon. in th~ st.rU. pip. COI"rodctd dowl)' oc:.pat.. to 

thOse exPosed to _oterla (talile 1). E...IMUotI ortbe lIS 

dtqr_s Bhowed seYeral colllllst.nt .ltrerence. blt_ the 

. coupons. All or the eterUe, eoupone ha. elltr"'l~ bleb 

8 
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reaotl~noes,. prov 1d1nS only a SlIall section or thetheoretioa1 

. ~lolrcle .obtalned ~y complex plane plot· (D~Uns, 1966b). 

These. could not.be extrapolated to the real u1adue to the 
",\ 

hlah error In,,ol "ed and "iiIUllia ror lip weI'. thua unobtalnabl. 
'r .~, 

by Ets(tabl.l)~ln oontr;"t,th. oorro.ilon rate. In the 
.. . . . \ .. 

lliOcUl.ted~upoftSwe,.. tIlSh enol!lh .0 .xtrapOlation vas 

......lb1. arid a r •.qonable. "ah. tor R~obtalned. 'laura­

8hov1. tli •. ~trll.atbjtt_ POl1l111.lI bale .etal t"tees 111 . . . }.:. . 

.terlleand .lnOcUlat.d . COIld~ tlOl1l. Th•.n_be..aoft .the 

dla...... Iihov that withOUt the baoterla~ tile r"eta~ la 'fery. '}"" . 

hllfl ..... n Ilttl1lbrre;.:..uOleilUOit u'l.o liz. The 

111OC\11ated ~ftShove"er pro't'ld••utriolantli .1ow 

....otanc•.~. f;lbtafll .n aco'-at••xtraPolation. torlp, 

_eo....~ It ·18 po.'lbi. tooba""~ that·the ~lon·. 
IIIiOIIanl,1III 1aconald.rabll .".. o<-p1.x than Just a alllli. 

CaJ:'llC11 th. loop;. . Th. lover portion ot a Hoond capaol the 

loop with hlstter ""otaftC1. tlMin that Il.aSoot.ted ",ith the 

doIIbte~~y.r c.pao1t.~and P01~1,.tlon ...slltallCe appear. 

attr.q.,4ilno1•• l.a.than 0.1 HZ. Thla., be "due to 

.dsorbed. corrosion ~ocSUcta, hove".r no aucll capaciil.... 100p .. ' . . . . 

appears to be ueocla'ed with the ....W.1ded· coupona (rlaur. 

38). 

It ....$ lIke11 that theeleotrooh,.ical pbenaMlIa 

and 18pellallce dlagr_ ..IOoi.ted with the dOUtii"'1ayer 

capac! tanoe' ~nd charse transt;.rln the aa':'weld.d coupOns
". . , . 

9 

I 

I 
were afrected by other events such as oxide tinting of the 

surface and sa.e galvanic oorroslon due to 81orosegresation. 

These and other dlrrerencea with the polished cOupons I 
undoubtedly contrlbut. to a slenlrlcantl1 dlrrerent 

lapedanoe dl.vu. I 
Attet'. IS daf8 • hlah rreqllenoy loop 101•• obHned (rip. 

5) with capacitance .ot approxl_tel, 10 uFlaa2. Thl. 

capaclt1•• 100p OCClII"red In .11 the coupon••xulMd and _y I 
h..... been due to a tlla rOl'lllltlon and appeartHl to lit 

lndepe!ldant or 81orobloloe;lcal .tteot•. I 
Eaalnatlon ot the ..... welded eou~ byll101dent·UP.t. 

al_P1 showed the pr.aeno.·ot . oxide lIepoalta In the 

tused lIIOne Vb10h _y ..a". been .m....ated 'J ...oterl. (rl..... .1 
6). TheSe depoalta Vet'. produced durl... the we141nl prooe.. 

(Helpl., 1986).a al., and act.d.1 pi, Inltl.tlon·ll~.1 tor I 
the bact.rl.. The depoalta occlrrl... on the ooupona .xpoaeG 

to th....ct.rl. occupied h ..lapherlc.l depr..alona Iupderneath whiCh • pit had tONed. 

fhl. vorkahow. that the pr.aenc. or blcterla 

slpltlcanU11ncreuecl the corrosion ratea of 316L I 
atalnlea•.at•.•1 coupone •. The MJor corroalC)n IIIiOIIanl... 1lia1 

be related to the production of.acetlo and 1IUt.)'I'lo .cla IVhlohliOu1d lover the 100al pH. The r.aulta d-.""ate 

1.portan~ and reproduClbl. dlrrerences In oorroelon 

lIIIIoh.n18lla; the true natur. otwhlch· c.nnot be deduced trOll . I 
10 I 

• 
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'AND 1ft '1tELA'1'10f1 WITH CORllDSION 

vic1el.ana. i. ,Br.uskin* 

••
••
J 

20095an ~stiln, Spain 

. c:oppei:~nldr:.'l .•lloys 
!l'Olut.ion~. ~ cliffer­

. ViJn.-io. alyillOlyt:1cu.' 
.!!lp.:~. ·'lbe'~i.on beh.viour 

tit!~ cQrzOli ioilpotent:1al•.. • ....ure.-nt. , 
...tlll .•~d..l. ·Pd· cont:.1natic1". w.ter; MeU 4efi"lta m.crob1al 
c:ol~i•• ~nI."'n by SEll ,.fur '24 hil of e!CpO.vre. CorrosiOll .ttack 
see.. to '''c~ely related ,tQ~ pas.i" fil_ .,atfic.tion by the 
bactedal.-ttl_n.t an4 .~t:he rl&tu~'ofe&c:h .lloy. .•j • , .Ilf'tllCOUC'l'IoH 

.in 'the .urine enviroftMnt as lUI anti ­
..rtie•• Init:s .lloy fon. with 

••
• 

. 

~!;O-1I1ckeU it offer. an ill ­
aJ!tlfo\lUng properties due to 

i;;';'"" 

• 
:.~ :.i/i!)n:otlonred.tant ..tal .o.,.,~r. COIIplex behaviour with 

Ii to, the physlc:ochemclil. 

ilt:e 'ft ;co)·.rros¥m' proc1ucta forMd 
..."J!., ~. , ' 

•
,• "'~lI.j:li' laEgenu.bers very --' 

"1A~.fttar ptoduclnq ••U- . 
"}I,tla'r polyJll!lric.· .ubstance. 

lusuallyreported tQ 'be pr,! 
. d ••Uc:h'u .pecie. of the 
iaPd Ac:hl"OlllObacte,r (2). 

;U!,LII._E:i<:·... :y;<;J'''''''l''Y~ranii!mce of. atc,rOfoulillg 

.....~~'~.~~~~~~/:!~~~:i~at:':~;:i=lb:!~::~ 

• 
.1Itx:ainSil!Oatea(tom'~~i"j(;~t,.ri_teused'. Corrosion poten­

,. tid vati.t~tinllW@re :.il'\ifi~~·t0gether;w'it.h S~o.bl!ervati0l'! of the 
:..... ,'.;'~ !:"'mr·~~t:t.. ' , 

~ . 

MATERIALS AND METHODS 

Two different strainS of microorganisms isolated from polluted 
harbour sea water were used. Pseudomonas s£'. ,and Vibrio alqi.nolyti ­
cus. They were 'kindly supplied by Dr. Luis MontieeiH, INIDEP. Mar 
~l p.~.ta,f;~~t;1f strain.l"Ire.•J,nt.~in_nutrient agar plu. 3\ 
.O\tJ,_ClilOildii:l'lldtj',~1lS c~ed,.t~lntervals by plating qn' nu­

. ~'t.ri.n.t·:'ig&rp~u~ lO~.oCl1_7ctil.o~ld~~or the Vibrio. and. thro\J9h bio­
ch~lIiie.i teilt,.~,f~( pli.udciaionu.,<:'. , .... ." 

. '. ,'~~,~zy,~xpin::l~n~"wre.~e.,u!1n~art;ifici.l"~ ....ter ac­
. cording'toa iii.Ufied.' ":nan,, Aqa' J:l"lIiIing . formula lI'IIppl-ntea with 
I 9/1 ~fye~s~ ·,e;xtr.ct '''·PO-t4,tte ~' ...U\lla added wi~ '\, -.lel. All 
ch.!lU:clar.U$~f9r·~tifi~i~"a ".t;~ prep.&tationweR aNl}1:£c:al 

'grade 'Moarek' DIIr!Utadt.'~..th4t' init1&l, pir of the solutioll ..... &4just:ed 
to 1.5 by' .4C1itl!Xiof KIiOH,~ " .~.,. :". . . , 
··Ncted.,'-"'~·gruVnli;599 •.ter~_~r ·flask. cOatAJ.nill9 200II1 

j:'f&rt:1f1:Ci.l"~ _ter. Aft4l!r, i.nbcUiationthe flull. we're bPt for 
three m..r., in. rOt&tY ~er.~re.tu.oli static c:Ondi~""re 
.cbosen form.crobJJr19~.inOctua_if. prep.Ad by .i&spell4ill<l 
ag.r ,.i:~t&~turf.lri, eqUal,~l-'s ,of ,2, al. utlficW. .... w.ter• 
'l1MI,·1ftcubat'1Oft· te.r.~;"air:28·C •. :GiOwth, tn· tM fluks·wo .an1­
toAd tiy a.ter:llli'_t+~ Of~1e&i:. ~~ity·.t6l0 ......' . . 
. . Metal apeci!Dedti'1.1Hd to·•••e•• .u.~t:ob!,.i. colOll.tUti_ IIMcono­

. sion""re lcit:tCLI:omtr.ddGe.l :di.!t.'ot'iJ~'ti. land 7 .. 4i...ur and 
90/10~1:·D1Ck.iiiqUUepl"~s' Cif 5.".. ·x 5 .. ~ in'aq ep0­
xy re.in. £,ach fl__1t WAIl provided with 6 W!tal proiMi.. t.h.I:'ee of thetI 
to be UMdfor m.crofQUlin9 Observ.tlOll. 4fId the otiler'tiIRe _re 
providedvith eleCt.d.c:al contacts to ....uzi. cor~iqn potant:1.l.·M 
ditlonaily •. redox potenti.l _ ••ur~ntll ".re -ae in ...c:ti wlture. ­
Both potenti.ls were r:eferred to .tandard c.lotnel electrode.. -In .i 
tv· _asur_nt. of corrosiOil potential were _de "ith Mllple. ­
pl.ced in natural .e. w.ter .t the Mar del Plata harbour. Argentina 
(38"01'15·5, 57"31'lS-V). 	 ' . 

Before using. _tal'aMpl•• were prepared by polishing throuqh 
clifferent grits of silicon. CUbicle _tallurglc:al paper (320, 600 and 
1200) iandf1n.llly, with aiWaini pa.te]l ,,_ grain size'. 

Metal pZ1lbe•."rIII taken OI1tOf~U••1ts ·forUM obsen-.tians 
.~ter 4ifferent.~.t~. zianqiri9.f~ 1 to7 chrp. In order to 
p;esen'ebiolO<,Jic.l ..tedal.pei:1JIen. weq .uccu.i".l,' fiM<! with 
2\ 9lutu.ld,hyde solution, in phOsPh.te buffer. 4i.alted 111 distil ­
led w.tlIr, dehydrated, ~9han .eetone .eries to 100\ '"",, finally 
crit:i~ potllt dd!ld. '1'OObse~ _tal·.ttack aftere••ure, ...­
plea weft poUslIed with Allain. (1 pa)for rellOYi", ,tile biol09ical 
and in0l:9,.ic proc1ucts' .f:tOll t:hI .urf.~.· Later, .-ples WNcleart.ed 
and degnued with .c:e~ an4' f1Dallyrift.edwlth4isUlled ..a 
w.ter. $Ei( observation.'.re aada usin9 .. phiHpsSOS Microscope • 

RESuLTSANDDIScdSSIoN 

, . c(jrros1oripo~~t:i~l_.sure_nt:s,tto. both 70/30 IIIic1 90/10 c:op­
.. 	 pe~niclteU,p!ci"ns ~i:sfd in sterile artificial sea vater .howecl 

poti!litiill :values clOSe to - 0.20 V:' 'T~le· I), • Conversely, cono.ion 
pOtential"'aSutemenU'lI\ade. on 70130 c:6pper~nick,el sa.ple.. incUbated 
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http:observation.'.re
http:WNcleart.ed
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separately d~!X?lriij 7days~itlfeulti.ires·qfPs.~as sp.~n ar,Uff.. 

cia! sea watet,S... h ..e...... ~a.·n ....... 0..(·iJ.c.i(tt::e.r •..·•..(T....lible .III
.. owed..~....•Wi.d ... <je 	 when COIll­
pared with the i ~~: .;!,1:~~~ .}ial!i!:t1i:sl:t'.ilomit1!!mll ';W\2t~ sterile' .media . 
. POtentiai ~~fj:t~.~~~~~ae:!l:;l-fri:·.tM··~¢,~~~!·"}~~~tures oscillated 

between -0. 21. '(~tiia:~ ~~:V·&·.pn.·t:he .Qtt:er~ii4~:"Wl0 copper-nickel 
corroSic)n pOl:eri~4iiiJ:iii!iI.'! .".teineaiiYf'~'!it\ij~t at C.a. 
-0.24 V. . '~-i> .;'~.;:'- /.~; <-"'5 

u 

filJ:oUt]ll s£M.i.*"ji,n~tion· o.ft.be ..*l.aj.pJ,....i .•fter o.ne day o.f 
• xposur. in Paillqd.OIooo'.S(Sp.· c:uitur~,"i.l!dl.ted;c!.ilonies can be seen 
o.n the 70/30 C\i.,.;jji :~ur~~c.: Af.ter l,qD~r;per1ods:'of expo.sure the 
nwabero.f bact~fi,~.;~~*!liI;cI::fiI¢re"'~-;'~1I1y f.t!.:~d shaped Co.lo­

.nie. o.f c ••~lO- ~:JOil!a !~i• .;Itt . (F19";lt.I"Ii_ .reas bacterial 
cell. appear~in .My.~ ·~rSJ'l9.-..!.t vitil(~:'Production of .xtr!. 
cellular PQli"ric:sub.t~~~. (EPlI),(F~q;,,).,'~; fo~tio.n of the 
round lihaped 1Ii~~l~lOQ:,le..... tOJ~;.~~~ll' rel.ted to US 
productio.n.. ~n.COl_ie. vere Ri!IIOved, firlce-,.r:-e&S Without the out 
•.t layer of c:Or~~OriprQ!d...ct.s,War~ .iililll' (tt~; 3). It. has bUn ­
reported that ~ '~li!U9~1~ (t(~ Of,tJieCl;i~~lj:in1.l1_ l.yer ..y 0c­

cur f~ntly~;:-'~r",.Ji~~i .....l~~~t:Ii~} the fil. thickn••s 
..y vary 'llith. Uiiit·iri.d.,,~~ the"Ull~lpY~!iec1.urf.ce .(31. 

In the!c:an-: Of',~/l~~e~~~\. i!pe,~~ .• gre.tnwaber of 
coloni•• can bIi.aa,.e~~ triCj:. 4". ~.i~~,t 1~ .re•• vith cells 
IIl\trapped in. ~tps~U.~can;~....~~~,~Cji.:$) . 

1'h* superr~4.1 Jippear~ ,i)f,:~; t'Iid."U~!i ',art.r i_nion v.s 
;,ely. 41ff.rent. InttMte~e of~I30' C:iaHe'r...~dt.l .lloyeracked cor 
codon product!! c:iU. ba"~"ne4' oil. ttl« ~.4~f!ice. 'Jt1e ciuter ­
layer ot! corrosiClft, ..~c;ts c:am~'~Jb/lo copper niCkel 
~cl...n. ~'~,."'t;~ .. h~"t.jtt9".4).•. Addi't.lonally, 
when the detatCtilllii'nt:ot'.~Ci010ny~tncs.tthis alioy. the .urt.ce 
bene.th the .c~lat:ioi\.OfEPs P~~·t901c~ darker,althoU<Jh 
'!lith iitUe. diff.~il~~i'-4n:d~pth. 'rbe.~~'ifla:i:~.t.tcluioent process of 
EN coulctb8abile~ tfttig:. 5. '. . '. 

eopp.i:-nlCl.f'.Uipi.iI·~ ,tAiI.v. alqinoiiticu. ~ture. sh0v­
ed .libdlar.pPt.r~toth.t nportM for • ..-pl•••xPoMd to PHU 
doIIori...1p'C1I1~~a~ ~. J,,,~i~!lftt~~lcm.~.s. f0J:'lllld _inly by .En­
and ba!=tAlrial ct~lS._j~:~lit~~r. ''''~~lIi,!,II:~. __lirf.C!I .tter 24 hs 
o.f ~nlon (~;1,.,~1l•.'$~J~~fi.IIt~~'CctlOni.,v&••bdl.r al_ 
thouqh they _~~~t.,~~O~r!~~~-.:~~ ...r ..,. P.eudo.onas sp. 
colon.i•• (c ••~lO...;L$Y~l.A,qr••'-l: .~~.-tol!;,pSlJ.nked ba~ri.l . 
<idle. (tI9. 8)·~'~lOi%:~nti.~: ....ii~ntll·.1\ow .for both 90/10 
an<! 70130 cum. alJ.~lii9h',cathcxUc';~uiil','(tabl.tI). 'rhus,.,re 

a1~S~=;~!~¥.E:~·S:~:~:;1~·

.teelNllplu,it!;. V.<.19:(i1(11tuclil!C\I~~.·tha,t: this mcroorgani_ 
-y p_t..~C;.l o.r;m;ol~ic;al~cii1. coj:~iOd bY. reB:lving. 
pa.siv•. fi~ ~~:.~.~~·~~~..~g,re~:t.V;e.peciea present in 
the .•nYi~~~.;tO,.(rec~.~ •. :iiUj'f.ce,J4r~·~••"·ti'P" of 1Ilc:m­
bial C:olonie....):e..~·.·~'['..;,qtdi:er ...re iObl!lerved in llild. steel 
.upl•• i_,riIliifirt 'l~~.q,tY ,e:ult;~ ::O(V~i!lginolyticus.· After 
cl.....d. there w.U .iritens••ttacltlloline.th. those caloRie.. . . 

iIe~riilr reSJOrtticl cltellleal and 'B$CA analy••~ .9.f:copper-:nicke1 
: 'alloy:liliildie with_tal'samples stetiped in: the~<;ln,tt,Y of 'the corro­

,d.",n P'ltential "i!llu",,~d'lI COIIIPleiICpIISsive fil......i!11yc:bnIpQsed 
. :..:,. ". ':' ,~. " ...;. ',. ~. 

oxide and chlorid~ and i pOrCliis outer layer. formed by precipitated 
<;:uprous hydroiICichiorlde (Parata~amitel (51. Duiil'u~ the first days of 
Sea water limietsion':" ~ro'os and'diScontinuouslayerof para.t,!,!,amite 
can be fonnedonCQpper:'nicltel'si"'"Ples.~acl:erlal. contamination ~uld 
iead to the iOSSOf'pilssivatJ.0n""i!lJ.y.t~rOiigh •.!IIOdificatton of the 
rate of oxyqen'dJ;i':fii*f<in th..-ou9'h th.'bacterbl-.liRie (6, .71. MdHio,!!. 
.Uy the iayedIl9·di.•tiUni~ion·Of.ce1ls _ cQr~ion ptodl,1cts could 
\IIOdify the pa.siV.fiiaadbeiSiOll.U').. - '. ,: . 

Accordinq t:CI the pre_t result•. <:9rro.lan"potential valu.s 0b­
tained in the culture..edi.~~1t1 .ltU:" 1Ie.~urealnts (11 .how shu­
lar tend.ncies.to ·~t.Obtained ~f_ stainl.ss 'steel in the pr••ence 

. of loc.lized attf,ck (8). A .decr•••• tn t:he.~~roliion potenti.l _a8­
ured is due .to~la~Uliilgc\lJ:nonta .!,ipplie¢ 121 the localized corro­
sion are.s~ These ewnt.•.llre n.oi ob"tvec!in sterile aea ·••ter. SEN. 
obl!ervaUans reveili~a 4Ht.~nt. faasive fila .tructur. und.r the 
ciQIo.nie. in. the ~"e o.f liuplesellpOilec1 to culture Media~ .A COIIIplex 
corrosion P&tt«!~ c:an"ba "c::t;~ teir: .~r-niC!tel .UOyiI in the 
presence of bl~louifri.l.J',,"il'4y~tathltpreis._ .of 10cdUed and 
gener.lized corrolu,oIl,aC;cu.trf~,.~lIUltaMouS:Wa:na presenting a llare 
intrincate distribution. ot:a;r~do.i. PtiN!\!Cts larera. . 

Mic!ro~il.lly..:~ ~~toi'l:be~tht biofl1.-.invol",s electro­

chelli.C.Ill. ce.11 ·~.})riIa.·t1oR~.·.:. .....•.ivi..t.y .a~fO· Niilg to... '.IIi.ft4t.'·cIbWn.". ".f..... .,... ..
the' slOl19h.in'l o.ffo-of the ., iii~,...llJlie·layen •.~.."etfectls are 

cleariy eVidenced" tbtoU9II'e.: hi,hllmiable. cOrl':OlliClft potenti.l 

obtained for 90/10 .ind·.70nOc:opp4rt~C?Ul sUiples.....15 t;o !.:...!!::. 

,inolytieu. i.nocul.tea....ua.. lDRftt,tastt:o ~illilU_.sure.nts 


obtained. vith.•teri~,.ttol~;, .'.' .' ............... . 

In the cue of llieMa' tn6C:1ii.Ucl wlthPli~... Sp.\lind70/30 


copper-nickel .uples.vicktr .ar.latio.n in potential "alue. ,and .,re 

intensive .ttack tluUl in the. CII•• of 90/lCI cOpper-n1ckel alloy vere 

obtained. Thus. the n.ture of the _tal .urf.ce an<! the tYe'" ot bac­

teri.pLily • relevant ml• .1n therel.tw" between bio.f!;l .. and cor­

msion. 
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tABLE ",;, Open circuit:, po~ni:i.l vai~ir ~rrespondin9 tci sterile media 
~ 	 ", '"., 

";;:.. 

Tilie, 
" i"' :,~<Open~,c;l,r!=~.t l'Pte,ntial/V 

hOurs 
70'/30CuNT alloy, .. 90/10'CUHi alloy 

o 
'3 

1:3 
'17 
23 
j7 
45 
si 

'&0 
.75 
"81' 

".5",;147" 

':0.,iC},7 
.,- 0.~19S 

.. 0..220 

.,'0..222 

... ·0..225 
-0..221, 
-0.227" . 
.:' 0.199 • 

" ;"0..207 ", 
,.; 0..220, 
",'': ,1).,220. 
'-' ,0~222 , ,',' 
.; "0.·;225-,>, 

- .0..242 
-,0..241} 
- 0,.2.5 
- 0.24.0 
- 0.·239 
- 0..237 
- 0..236 
., O,,2~6 
- 0.,.,~~8 
.. 0..244 
':_',O.i-4~ 

"-0.:'239' 

~'0.257 

- 0.256 
- 0.255 
- 0.247 
..; 0..243 
,;. 0.237 
..; 0.229 
- 0.226 

'", 	 .'0;223 
:"0;222 
-0..227 

";'0~217 

'tABU li~ .,'ape~c~~t:,~t1&l .ai_ ~rnjsjocmdin9 to inoculated , 1Ied!a ,"'., ' , ' 
" 	 . 

'open cIrcuit, potenUal/V 

Artificial Ii•• vater iJiCiCU- Postqate C cufture _4ia 
'l't../ .lated w1th. + l\ MaCl inoculated with.hour. PpeucSo.Dnu ~. V.alginolrtic:u. ,V. alqinolyticua 

,701.3.0 " . 90/10' 70/30CuMi alloy 90/10 CuMi alloy1l
CuM!. aJ,ioyCUNiaUoy:' ' 

:.:'"',.' 

'0 ,- 0,.207 - 0.240. - 0..23.9/, '- 0.274 
. 14 ... ,0,196 -0~236 -0..465', ,.,: 0,364

:;.;.": 
-	 G~:i42'" ,,',;; 0.429 

24 ;",o;j66 .. 0..236 - ,0.231, 
38 .. O.3j5 ':.. 0.-,62 " -0..249 '. - 0..444 
40 -0;'400'" -,0..236 ... 	 ... 0.447 

20. - 0..236' ,- 0.234 

..;;:,44 .. '·0..310. ,', ::,';'-:0..235 ".: 
54 '- 0..,278 ,-0..234 -0..458, 
62 ":0;'30.8 .', '.;;;',0..233 .. - 0.,~4:Z~ 
14.' -0..415' 

112 .,.0~25l' 

130 :":~ 0'.297.' .,G~195" -0..3C)(), 

I 

I 

I 


F!q. 1 

I 

I 

I
Fiq. 2 

'1 


I 

Fiq•• 1 aDd 2,SEII.~cropbot.ograph. ccirre.~in9 to '70/30 copper­
niclc4l' alloy, specWua _fur 3 days,of. u.ilersion ,in a PHUcIoeonu ~ 
cultun (7000 X &114, 15000 X~,ns~"'lJ'j. ' 

I 

I 

I 


Fig; 3. S£M idc~botocJraIit' ·ccirre.~n9 to 7G/3G~r..nickel I 

alloy _peci.en. after 3 day. ,of ~rsion in a Pseudomonas,~. 

culture. sacterial COlony vas removed (7000 XI. 


I 

I 
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, 
• . . CCIfl'Cr-ftic:kel 

,,,?..\ldoaIoria. a,. culture 

I•
•• 

• 

J 


, 

* 


rig" ~: $I;M liIt~lIO~.l.*,~~~~,.~ ..• ~O/lo.~~';'nic:k;el
all.01'specilllHl .fte~ 1 day'of u.eJ:1li_ ~.Pae~s IIpc:ulture 
·(150iUt). . . 

Fi,•• I: sa adea:OpbO~lipiia~••~1if tq·.'9i)/I0·~r:-nick.l 
alloy aped..nilfterJdaYI of .....1'11100 111 • V. al,lnolytio.is
culture f7SOO X)'~. '". .. ',,' 

'",~ : ~, :' "' ......:..: "'/-.,.f .. ' .... - ,-... ... '" . _, I:i •
""'.!. " - ..... IV'" "'...".""'.... • 

I -<:'. <.;.".. ~. ~ ~.'" ': ~.'1..... . --...../., r . V _ .• ...., 
.. ""',., ..... U'!... ..... ,y . "".... ..:" ..... , j.::.v,~ " \.I v ~, ' ­

~. :.V \.:l ". ":;;'J" v, "'I.... '. > • 'VV' .'\J.... v~ 
<\.i \)-'V "".\).OJ r, .". '''''' 

I"ll WC·t:,.tv,. y .. ~, 
. I.'G \J ... VIt. '-i ~_w, 
~.. . 

PiS!_ 9. SEll 1llic:~photO,r. con-e.~ to a 1b/lO. copper-nic:kel 
alloy, spedlllHl after 1 days of .'-rd_. in .aV•. al,inolyticus 
culture. Bacterid colonies were rlimoYlld (450 X). . 

'~'..:., 

1 

http:WC�t:,.tv
http:al,lnolytio.is


,'\;'f," . 

J~j.l~OR"~~""" 

~a~'~~:1~1:mf~~=r:W,t'ACtlvlt1

.' '·.~~1IS':U~$:i~"39$19~. 

; ",,~, ..:~.;.:,,!:-,.:(.,::~,- i~).~·,:",,:·<:~~~,·, "<. ;,.;~.-' 

".snACT. 
.•"'. ~t11l!1!,"ct~~!~ot.tj~:,f~:.··~~~,;~t\IJd."~al, .ud.e. 

cI~tnt!!4t~"a1liUt1 t~~i4i"~~uee e~..".r.: uQ.~!II' 1I,,1t~ble eon­
didonllad t~· attu "t~ c;orl:'OIIion of ,.cop.'PII!r; ,. ll?:.~ ••..".ter.: ..di_. 
Propoalld elect,," ·Jr:....~rt, ~,f,.- .•~. eOit.lItent Wlth tbee. 

. ob.erY.dOilll~i . '.. r' . !,r'~: .. ...... 

nrtIooOCn:.~,< . 

M1crobi.i:~ll~"~l;"~·.it '.olli~rfaee•• 1I1acecl lato utaral1y 
, . "', " '.· ..',t:~;,~:::~r~.·'~~;l .,:: :·,:,~·.··.1":·, -/1 ,,;,:, ..:-:::.""-::-:'->;;.',.',~;.~,,:' ..::~/" " 

oecurrii'l, _rlti.'ft.s:tomiieat••<.·_~.r1.ia.i~ a~ll" the Urat or••a­

ia_ tc)·lIttae1lJ;~'''t.III1'''.~t....rfac.~;~~;ftrae pe~phyt1e e__ 

..mity d • ...t~~'wM:c!II',~~l~....~lii..,J,l...~tou. al,ae, elU.t.d 
. ",~. - - , 'j;'.u,:' :_'.: ~ - '. ; -' • 

prC)tQ~. ,"4,.qt.,ef.i,~a.;0~l..(.p,~l~•• In. eootr•• ~., .a.. rfac:e •. of eopper-o 

,*,~d :"il~~;" .,t.' 1I1I".e~. "lftt~dw(thcoPp.t'-CO"fdnl!i,p.f.nta. '.tIen 

expolled und.rtM '~~'bmdltl" .. ~,"lop: 1... di..rae c~alt:1ee 
'. . .....•.. ;: ":"'2' ...... , 

c:oIIpCI4Ied prl_rl~t·of .1NIC,~~!fa•• 
KUllerove -';_i~~:"'~· "e..pt,cip(i«4i4 ,;:t()t-"i~e IllPaet of bacten. 

.,;,,:;.,. .~--". ,:' :.: ,': F:,:' ;.,_<:-:.:~:-~;1".,> "r~;;:":::,:::'\.: 
011 the. eorro.l~a· OL~OP!let:.'T!t~iuf,'t"vle•.!lii'(inC1Ud.dl HerenUal 

=:~;:'::::n~~~~.~fl~:7~··::·.:: 

vater b.e~erto.':~t:~Ct'" ,:"f~~iO;'~#~~;oi;\Gpller foli.ln thts 

'-,"' 

" 

I 

I 


paper we trl11 dellOn8trll,u that the ..challis. for.: the conodon of cop­


per can. be altered bythepresellce'of idcroo.rg.nlsllS· and that .lcro­
~. . ' . " ' . -" " -

bl.11y _dl.i:edel~h~n.i~.~f~r. bet....nj!OIIP~ .ped•• c.n 1.,act I 
eorrOllion. 

I 
MmlODS AIID KAtlllw.s . 


. Baeten. 


A lra.-neptlft rod-elutped baderlue .... I.ol.ted ,fro. • lIud.ce 
 I 
p.lnted with • ~tln, eont.ln(nic:upml Odd•. a.sd trlbotyl Un odele • 


'ftIa lIurf'aee hlid1Mie~ e".elco' ttlil-.n...itrirCHiMftt of ..., I1I1C."... 
 I 
Florin, for Ii .pedipcr·of , IIOilthe. ·:"wllilcrQor,als. perMated i:he 

", \ '-, '. . ' 

coatlna atld eOQld.. 1M!.~0uD4. on tileaudace ~f 
'.' 
.the paillt. a...11 .. In 

" . . IbHatlin lIenelI,tb t",p.f.ilt~ .,'!be " Orp.i..-lrU. hol.ted .d (:Ultand 

aallll uadard tderoblolol1eal·t.chnl~. ,tI\e p'owtb _dlua wall 

UerUlu;I Culf .Sfre_ ...terU.5w/o tU .,..nted with 1.211:10'" I( I 
11,_1_ added as l1li4ct.ad I1rl0-5 M phoapb&t.added •••a~Pq4' 70 'P'P. 
.' .' ~ ....•.. . 

Cu (11) added .11 Cu!lo4' and biO ..M of eltller gluCOIIeor ,lut_te a. Ia eole earhon aO!li:c~. Ga.;llIIIl... that.t~ac~ci to. _tal .lIdace. _r. 


adetted by prc:i~lc1i;'" c:i,,.,er,dlac.' til. 'the, -eul~iire tube· With culture 

. " , ",' . ~; " ., 

aedblll.Calf ftrt•• i.t.i'~a, .•t~i:Uh'cHr'''l~I':~ COIIbill.Uon of paa- I 
teurhation UO·C-~~r;liOUr.):.~ndu~~~~~'i~',iQ.4S va pcire alee pre­

::::±~5;;~;,~d,~~lj~~~;,oo ~ _""u, 
I 

'.. ., 

IItlrred.contln~au.;..h~ '~U'ltuf;' Yie~dlicontatnln, lI,bout 100 .1 of . '.' -., I 
.edia vith • nov reteoft•• 20 lIil/h. Ir. ~opper electrode ~ cut f1'Oll 

, .. polyeryilulllne rod et'Oe"k (99% pure Ittrtz grade) elll~dded In' epoxy to I 

I 


http:r;liOUr.):.~ndu~~~~~'i~',iQ.4S
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~ 
,.y.' ,,,j., 	 '; ':St,: i~ 	 ~~ 

!:' ,~ , :.'1.,' J / 

~el.j4;~~2:'~ftl~'~iated ai-e'a."!il.'e-illcitrode;". ~lIiced in t1te cen­
, . ,~'f 

':';~~~i :~h~"J~.;'elvlth ·;~'l ••tui-iltea'c::'r.-et refiien&'elc!c:lrode (SCE)~ 
"~~. pl~tiitu;': :~liai1 ~14!'choclejj. Corroliion' ex~erl_fttiirvetec:onducted 
:u;ni;i~~t~'l:iiri~1t10b~ ·f~i'l4'5:'ai:r.;_itjf'th4!1i .atrttalried .. a pure 
',',-: " J".,,",'-:'. ('.~ ,;'." ',.\":'.,, 	 ->~', _~ ,.,.' .. ,,~:,) ,'_ '" .,,- ',i , ~ 	 culture for atl.adilI'UCIIUll (I:) da,.. Qljad'rUp11cate .eu·of polarbaU.on 

red.t~' ~~t" "n'coli.eted:at" 3~iI, :liatenah.v1th a' bleb illpedatlce 

;ot~ftt'r~t~. 1IiIua:rli~i~ ...re"'e{a.the 'lI1xU pote~tial re,ion.~ 
i:e•• 1ft t6e":rl,clftlty of tlMlcorr04!lon pote~tbi.Polad&at1on. r.a1at­

!,,':~ .. ~'.,i:·>'\ ';:: ;,"_':-',':, _ "-, ',-", , ",,' ::, ,"_ .:. ,',' 
aftCa ·dat...~-liH.· 1., POLCUU to proviile iinodicallil c:athodic Tafel 

" 

t 

[ ai~.. , ~ ~l:i· .. c:om.10il.:curri!nt.12­

. "Addlti.iI :c'o;iilai~~~are_ta. '~re 1IiIi.s~ lid", itZ-c:.,art_t 

ecinwt~ ~i1itll~t."''''' .4ekribedel'ewere',n andlahanicalb' 

t 


Coupied~,.relectrcid..~ thejj"'f•• ~an beu.ed to eftlqte tM elec­


tr~ba.lc:a11iipaet'-of '.derobs.ol~aleal . apeetell .~d t",dbldual abiotic 


r ehellical perturbtlOQl __ttielectrodel. tt i':onliina o{two e-..art ­


""ta (electl'Oljitic:a'ily eontfn~ liiii: 'b(ologtcally iaolated) eKter­


IIlilly eonnec:tedto .~el'O~••ht_. __tel: (ZRA) • ""UIII either of the 


c:6....r't...t.i.pert..rbed.bl010gicdl,. or. eblotiUlly. anodic and . 	 . 

eat"odlc cum~t..re utabii.lu!if. "".nodic' current indicate. odda-

Uon; catilOdic .carnat .riedIiCtiOft. 'ftte"alttent of the tlipact 1. reflect­

ed in the' ~..tfilde of the oh.~r••4.eurrent. )lleroor,_ni." Were 
j' 

an_4 toC01.."htha;.lactrode ill, on,e of the co..artIienU"atld the1 
electrOche.t~'l~t:'o( theu:.,coion'batiOil'lieiuilired lid,., ,lucotie­

. enriched ..ctia'.a.sat"':._e.;;ellr1e"e. "aljl. ~rob1c :eoitdiuon. WIre' 

J ·'iir.atnt~tned,~b"bubbUIi,elt"ttltoUiibth.~~Il.lftcroaeroblC: condition. 

wre uintalnedbybllbbl1nlllltrolentbrou,b tbeelectrolyte. At the 

1 

l 

l 


conclusion. electrodes were exa.tned u$ln, .cannin, electron 

II1cr08copy' 

leaulU 

111 either .ter11e or Inoeulated ,lucosHnd.Ched ......ter _dla, 

the copper electrode aurface axhibited a raddiahcolor.. clIaractetiaUe 

of CoZO. The electrOehelli.cal par...den of the ac:td.l...liwater ....re 

e.aentiatlr IInehanaed In the pteleftce of 11(10~Z .,laeo.a· (145 da,.). In 

the pre.ence of ,lucole., the IlacterS.a (.183 "a,.) lDete"ed'the COHO­

aton rate of copper aa indl~ated Ilr all anodic .hlftOfcorroeiGG poteD­

tid yaluea aftct ilecreue.s catliocUc Tafel Iilope ·(tahle)). A thi" ftl• 

of bacteria ... fo-d _ olectrode "rface. attheconclalO11 of the 

,locCoaa expert_lIta. 

With the additioa of aterUo ,l..ta.le acid tothe'auratel'lIIICllU1i, 

the copper _dace. ashihite4 a black color, wbiCh it dwlracteri.t1c of 

C\lO, and the electrllChell1cal par....ten CM",e.s a1pif1ulltly (Table 

1). Conoe1GG CIlrreat iacreaed tallfold frO. 5- U c.....2 ",' to 52 faA CII-Z• 

After approSi-telr 6 .sa,., .icroor,ania.. colonf.aed· the Copper alec­

tI:ode. tho hlaclt· color _. conYerted to red. a.id thll corroatGG rate 
..2 .

decreuedto 3 IIA e. • Tafel alope. iilcrea..tid vlth the addition of 

,luta.ic acid an4 decre.aed aftel' the colonization bY~icroor,anil... 

A cathodic corrodon CIlrnftt __ Iie....red '1it\eli. eM .baetaria _re 

added to _ co..art-nt of tM t1Io-co.patt-ftt -e..Ii with ,lataaic add 

lindeI'. Jdcroaerohlc conditiona. CtrroaloG currant.·..... typically s-a IIA 

-2 ca· • 

SeveralquaUUtive.obaenation. _reude concerning the Irovth of 

the ..icroorg.nis.. in ,lutaute-enhanced _dia.· The lI1erool'ganil. eooid 

"ddtn CuC!) .nd reduce C..(H) under .ppt"ollriate CGftdltlons. The 

http:Addlti.iI
http:c:om.10il.:curri!nt.12
http:polarbaU.on


r 

•

• 
t 

, " .

• org.ah. had to lie ""rl"d~ .".groving ull~et aerobie eon~itiona hefore

• i~ ~~~d, Y1..1&~Y,ted~«~'it),toCu(I).menlts ~" ....hlfted ~o 
,'" . "", '.' ",r, "''"'':,' '~"" .':',~~"~.' :_'~.' ",l":",,!,:, .. ,<" • 

• .teroeerohie .enwtrOmient. Foitoring thl. ablft. the haeteria CJevel­• 	 . . '.' '. .." . - . . <": •",:.~ . 

oPed apherleal 'hodlu(-ClIPtOao"."'l. ".oe1atod· vithth. e.li .itll.• 	 . ".. . . ,,-,' . '. .

• )b..efl<odlfa.. t.hl~ll, ,i;~t't.!!I, ~P) •. t;'art .t~ ,the: ~.ll • deep r.d. eolor. 
~ .. 1!11" ..,111t7, to, .... clue•.ClfIUaft.r .11 ....er.ohie .hUt ....Independent

":' "" , .' ',1:-.' - '. " - , " •• ,'-} '1" '. ';.' ':-, '"';_.' ,_ ' . • • 

,fir .~~tt, r.~, .... ·:4.~.~,,~,>h1'}'t:!I~i•• ,~al~. eoGtl~a .eulture. 

J ~ueHpIi •.., •• ~(U) .trM_ ~LOh!l.~:~t~statioiUa~Pb"~ 'cella. 
, "', • ," ~. . .: -,,,,,,.. .' .' . !, "." . .. " 

t 
> • ..', f'ollOWlya'iJl1ft, ~~•••r!»lI~c 'l'OwtbeoCldltl_.the eella re.d111 

. "':,'~ ",::".,,:._,:.~;~ ...q .. '~',;:'~ :', ...._~_ ..''';;•.':_. "'::>. ~:_:-o;.:""'. " _";,' ", " '_: . 

t 	 ftox,;~l,":~Iie' ~~! .... fU",~~ co~~ qt) ..If, 110....1'. ; the eella ..01 

fiXed 11l1t:hailOJ oor>~"t""d:at t....rature. bd_ 4·C, die Rldation, 	 ' . '-' " " !,,1 f :. " ":",' :'". : .... ",',' '~:.',!' ' '. : ~ .' . , ~ _. '. . " ..'" " . _. _. T • " • .' . :~. • • _: _:­

t.. ,ia~. ,alpl,. 	~II 1.tIMl!reiillllc:4t. of Cixypm. CuproOM. did not 
-';' . " ' ~'. . .. "" . • '-'.: c' 	 ':.. ~ :-: " ~". ~,'" "'>., ' • , . / 

t 	 fon ..~rohlCa1.17 ·....the ~.lla wn' lro.a In a ...ai_ eont':lDini 
• • ~ I .' 

,tlt~"te." .. iei1l1a.1 el.etronaeceptor. ".. aleroor,ui_ doea, Got~ 	 " ""'. -.::~ ", f' ~-,~: _~':.'<' _"':"'.~;'.' '. ,', ' .,. . .'._ . . 	 . 

; ·.~~~...I.~•. ttt; ~.~,be~.. ""~"p:_ on &llleuee. how...r, 11' doe. 

.~ear,tj)d":odt "f.",i,.refraeti~~ 'e~JH!~f;.bling uterial In ott 	 . . . ": ;" ';: .... ,~ ":. - --',' . -. ' " , ., 

n~rtb•.~11 __~1. , 	 ~ DtaCld~!ori . 

~'Prou. ~.,..~ .' eorrosion ,rocIuctof e~,erallo:ra. la e_n11t 
...d a. en ....ltl.... tO, "tUaUlllI, ,ainU ht!~.. of tt. toxie pr."er-.

" . ' " ' ' . , " , , ," ~, ' .. :. ,t 
tiea to hioloateal 	ayiltililla. leee1itll cuprouil .Ride paint' fot'1lUl.t1ona 

'-' .' ." "" , , 	 ba"•. heu .,Ippl • ..atU IIlthtrlllut11 ttis to.a.....eethe .atifoul1ng 
, - " ;. '" ,. ,. 	 ," " . ".-' ' ­

,roperties. Bo...ver.tbe .~r1_nta1 aurfaee deaeribed 111 tbb p.per. - ' >- -- ',!', ' .... ; "', ' <' f ,.:-,.,: ,': ,'. :, .. ''', ,t 
.a. eove!:'edllltli: ~ ,1Ul1u~afttlliofU. "'~o.lIl.tecl h,. the laolat.d bac­

• 	 t.rlu• .' 'The·' e1Ioice of ·~~p.r-bearl~'~l1o", for _rln~ .~rviee la not 
j 
 , ". u . 


Qftl,.due to. ~ta antlfQ<Jl1ng: properti~a.bQt also ",eauae of ita pre­

• 
 . . 


dletsble corroSion. behavtor•. DeS.,t te . the' undei8t.ndin,g of copper-

J 
aeavaUr re.•ctiona. the perfonaanee of copper-bearing· alloya ancl I 
coating. 10. aeawater aervice haa nO.t.been pred1ctable. There lIaYe been 

nu.erou,a eorrosion 	hUurea Of. eopperseawater. piping ,yate. and aOIle I·.of thoae f.Uure. b.ft been .ttri""ted tollier~biolo,ieall,.lftdueed 

eorroalon•. CeAer.lb:ied eopper eorroslon ill.•~l1ne· aolution i. depleted 

111 n"n:e I. At .DOcI~e ,itea ehloride adjlorlla to (Onl a surfaee e_ J 
plex. ""ieh ret...... elettrou th.t are ..aiiallie to tba eatllocllt

" 	 . '. '. . " . -:, :i:::.::.--. _ .. 
alte.. 11Ie fol1--.sp. 1I0110dd1l:1n, reactlClft. 11""ri.e to eUpr0u8' --.... -., "1 
oxide, whleb 1. tbe ...,or eOlipOfteet of tbe p.eud.ae1v8tlaa Clfteopper 

. eortodlll, ill .e_ter. At e.tbo;fiedte\l. Ox,...n act,orn W thft Ie 

redue" 'hy the eleetr_ .iapplled h' tlle.DOcIle .1tea~ ~ po-allli. J 
intenedlete••,.l1ft'rlle to otber eba.1ealre.cti_ ,at 'the ...i'faea 

.ftd, in the aoluttOD. til p-neral eotrodOll• a"~le l1li1 eatWle ilt t.. .1are r.lldo.•l; diatrilluted. and. are Intereh.Il,..lIte o:"er the 'eopper 

:=-:-:.:.-_.­

aurfaee. Ttle,. .re 	aep.rat.d hi Piaur.· 1 00.1,. for t."e purpo•• of 

Uluatratlon. I 
. '.' 	 14 l'Clue.,.e ad ,Iut_te ba", 'been aho_ h,. other 11l"'IIU,atonl • 


to eontribute auhatantially to .he.terotl'Ophie aetivity to eouta1 
 Ihacterial popUlatiOftl.Por thia re..on, theae twoo .1IbcIe1.earllaa aoureaa 

vere~~aellfor contlllUoua eulture hacterial eorrodOn • .,.dMnta. 

leeautle Culf Stre...e••ater i\l depleted llllm,+ and '10- relathe to I 
co..tal _t.re_ the. at.tUttied aeavater ....upplelileat.. with theae t ­

nutrient•• J
It 1-: apparent .that Ilueo...nd glutaute provtde,dlfferent envi­

ron_nta fur the llieroorganlaa •.Few aicroorganb" attaehed to. the 

eopper aurfseea . .men. IIrO'll'lt on ,glucoae. Thiek lIiofU.. fo..._d on. the I 
copper .urfacea in 	the.. ,gluta..te III!'!diulII•. The lllp.et <If C.Ron sourcea 

I 

I 
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1' 

I: 
I·'·: . 

'''''all iitct'obla-l ;.i:tlte-.tofl:b_*, bee!) prevbu"ly', repo,rtel. 1,6' It h al.o 

ilp'~.reWi~ ~li~t' tb'e'tif~ "cerbbn ',.our~".,,~~!cde, A~Ue.r,en,t ,cllr.f!)si ve 

eftYlrOfllleflta for copper. Glucose. • redudn, 1I",.r.. ~II capab.1<tt of 

.. 

I,j 
.tli"tatiltrii Wr·lftt~'t·;dipriN. oxlde(Cu2!). fU••.. ciu~.lIIJ!te. i1c:helatin, 

i",iit fdr"C6cI~.t. caoffluolft .ucha,fU. ao4 1!~llce .1t. o.J!:ld.tlOf1 to

II CIIpde odd~ (CUo). oq,rli: odde 1a Ie.. proteetl".. to ~orrodl", c~p"r 

11 
t'i.4in ·!a·caprou*oidd•• , Glut·...u· 1.Lthe· ..• l;erlleJ .~aw.tet" .edlull 

••MiceiJl:he' \cortoaiOftofcopP.~. ""lIe &:1'1«;0" 1144.110 lI!I!,a,,..rabl. 

I 
.teet~~ul tiiPaet.ln> the pre..llc:e of,. blofU., copper ,~Ar,ro.iOfl 

hcr•••eel. '1" ,lu;::oa••ed1••114 d.ereaeed in ,lut•••te ..~1e. On. 

laterjtretatloa.ot' thta' re.u1t.1lhtbe th.t the" blofU. ,pro;,ld.d • 

I 
'Cslft'*atOli"barttet 'to' .lutaic .•dd.8ft"or oXnen. 1Iowl!".r, the 

.eeI'..... ·eD04te·· _cathodic: .' Taf.l alop.. III t1!4. pre.enee of the 

I 
b:l'C.f tt1l..,11 I:h . bOth ·,hacoee .•nd ,luta.te arellot. cOlUl ll!ltent . ri.th .uch an 

l'ftt..rpnt.Uo...' The,la.ic:ate ·deere......:banterti todlffu.lon. 1•••• 

111;::l'e..ed corrodon. Th... C'lliO cOllfUctill,' ;::onc:iuatOfl' .UII.ata .hUt 

I. the' eII.ttOllicin liee1l&n.h ••nd. IIOre co.,Ucat... dtuaUon than th.t 

I .pit:lte4Itl'i1.t\1h '.1. Th. pr.li.nee o.f the 1I1croor"flh•. either .re.lIOved 

the "rder til. o..,.en 4fff..loll t.O the corrodi!!&: .urfaee or c~ed the 

prl_ry c.tt.o.tlc:' reactiOn.•ktft, the preo"ee of o."e" at' the .eorrad­I bil.urfac:e··_~...~. 
When' eathocllclIM.wle .t.tHI;Ift • corr041n&: eopper .urf.ce are 

I "at fr.eI,. llltel'ehan"'b1e(e.,.. durifl&: .icr:~blalcolon1uU") the, 

I 

cell beeo.. "pfiiwiil.nt.- ,U• .,,,,, the .t~leetrode ,,,perata.,it .... 


dei.olilitra't*'d *liac: tile . hIIeterULlaolatew:•• ; l'iI!I.pc:in.tbl!l for .cathodic . 


~actlOQii'at tli••le;::trOde au~f.c:e. The... obaerll;litlonll Me ..._rhe. 

In ,igure 2. Aethe _t.liou•• b req_lr.d for thh .lel;ool'~lI1l1s. to 

I 

I, 


oxidize or r~uce copper.. delllOn.trated tn the grlllri:h .tudie.. Fur­

therlllOre, cupro.o.... did not 'forlll .naerobic.lly when the cell. were 
• - I.. .' ' 

grown in a _diull ccmtainifll fI1trlte I. thetendMl electrofl;cceptor. 

IIltrite C.fI .erve •• tbe atflt for ~lectl'Oflll 11lvohed l~ the ....erollic 
. .":.' .. ::.. " ,.' ," : "'4, 

ozld.UOfI of Cu(I) to Cu(II). 1M. liecbolQ'lia. eU1I1n.ttu the require_fit 

for oXJlenill the' c.thodlc corrodon re.ctlon. 'ftl1•. !leChelli•• .l;, be 

illPortent '111 e.tuarlae vaten alflc.· ".cted•. C.fI ondt_ __i. to 

flttdte. AtllO.pberic Input .., .leo be ••ourceof Ilttrlt~. Theae 

qu.Uuth. data .r. _atatentric" th. hypotlleat. tbalt eopper i. 

beln, oxi41aed/redue'" by the el.ctrOll tr.n.port chatn la _. of the 

alt•• '.pleted·ln rteure 3. 
'-{~ . 

Hlcroor.enl_ ...... e"l".d elaborate .,.te_ of etech_ tr....port 

lnvolYlna • ~.riety of lil!tahto ••r;.. after", ..1I1;;':laUOtI ~lre-
17 III .. ' . .' . . . ..' . '. ._ta.· For eu..,l«, trOfl-oJttdldnl b.et~d. cterhe .11411'&7 b, 

. . 19 n. 
tran.ferrtll, .lec:troaa fro. ferrou. lrOll to oxyl8ft. Sulf.te-reducifl, 

. . . . 

bacterl. obt.ln enerJ:1 b, tran.ferrillS electrons fr~ or,entc ..tt.r or 
.' . '20 .... , , 

h,dropn to .ulf.t. at • t.natnal .lec:tl'01lac.eeptor. . loth procft,ote. 

and eurc.ryote. h.... eopjJer-c:Ontalnl.nl ptoteln. th.t. c.n ••r_ til elec:­

tron tr....port .nd In ·.....ral redox r••ction•• Protein. th.teOllpl.x 

copper cen ••rve .. ·re..ralbl••leetron donor.free.ptor. in. btoeheadeal 

ructidn••nd .re lntt"telylnvolved til cellul.re...r", Ilinlp~l.tIOft•• 

Solable Cu(U)' or it. Neted.n, 'ednd. eolilplelre. e_' .."* .. the 

electrOn ace.ptor· for the' c:athodie corro.'i~t..eHOft~ in. tile pre.ence 

of 1I1eroor,.nh.. , tltl. proe••••, lnvol... solubl. redoll ;::01lP0fIenta . 

•nd/or hlpl,.· ••turat.d copper· biopolyaoerlc cOliplexu •••od.t.d with 

ebarse t~.n.fer. 
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. oot.cwS10Rs'.• 
TIl•.~.t:apt-etleiitejJ in thti ,apeflltcllcatetb~t.!crocirg.i.nli".8•t attai:tted 'toe~j!it lQif~. can: dter tM _eMili.. of corro;l1oft-~ In 

oc1..nit:.cI••4~eoUa".:L.ctri;ltt... t~ electroll acteptora are. II&".U,­• 
• jO+~I'Ic1'ciha~l~d ft7iea.~:"-t. _tal ~pecl•• 'aQCb .a 0.(11) .nd• 
P,41(~It)&!".er"'.lIeleetl-on aec:eptors.1bed.ta preilented iil till.• "'etlnclic.~etlJllt atctOoI-,.lli_m.eitbteelectroa tr.nsport and• .1__ Corroai6a~• "'.. :-' ..... ',• ~ ,• 'rill. :wtt ... 'I.... liad • Po'ttloa Of it eo..flUe4 .,,. the lat. 

1Ir~ 8olK.~rChIko". fo..r1j wtth thaonl~fatt, ·of lUatd.iaPlorlclli. ,- .....rch .... fll_eeI 'lit lIIlIDol,i'Osra• .,l...lIt 61153. ill liupportof the 
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Tahle 1. Kedia~ values of electrocbeBdcal p.ra..te~ ev.luated by 
POLCUlllt for glut..... te ..dh. I an" II are the anodic and cathodica . c .
Tafel slopea, respectively. tcorr is the corro.ion current· and .corr 
la the corro.lon potential. 

Stertle Sterile Seawater Seawater 
Seav.ter v/,lut••te v/slut••te and 
(20 day.) bacteria (183 day.)(145 4.,.) 

la (.v'''c)
I . (a'lu.ec) 2 .' 
l~orr ( Ale. ) 
'eorr (.v v. SCI) 

I,. 
i 

80 . SO'120 
SO 100 60 

5 )2 3 
-280 -26' -286 

AIIOIIIC sltlSr O ­'ClIO=:1]. .......
.­
110 CIIII10diC .. 

CAM. lItIS 

~":.=*....~
."'~-
H:P 

. . 0; 

...oxIMT1OII STEP:O __ ~O__ 

....., p!IA.... lfAtTIOII: 
0. + 0---,--~. +.­

FIU....... 1IfAC11IIIS: 
ClIO + 0--~ 

2CuCI + "P ----Cup +2/'1+ + 20­
2CuCI + OH -QJ20 + H+ + 20­

,.lOW. OXIIA..... WC11OIIS: 
CU:P + Hp-'-2CuO + 2H+ + 2.­
~O +02 --"CuO+ ...-
CuCI + 0- -0.+2 + 20- + , ­
Cu20 +2QH-----2CuO +'H20 + 2.­

"'.IIEII~lm: 
0, lIOIulion €¥dtot1Md • 

PllIIM., .£IIIIIClM M!!!!!!: 

0, + 2H,O + ... - ~H-

1'II!!I41lE IIItRtmMTEI: 
0; .; OH .; H20, 

F11ure 1. Ceneralhed copper, ~errol1oti til ..tine .elution. 
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MK:ROBIAL IfTERVENTlON IN. COPPER CORROS.,.. 


GALVANIC CORROSION 
 I 

• 
~ 

I 
• 
~ 

I~. 

• 
a 	

~- I 
• 
~ 	 °2 v...,..... 	 I
• 	 n, 

, OH- or ~ 02()r N02•• I

.' _'I.. :";:"',, :.", "., .'" 

rtflmi 2. 	IAe.U...."c.oppercol'1'o.tOu _tat.. by '-c.teria.t 
I 'O"':X"'-X, .. ~ 	 I'OH- ( NomiiI• 	 II 

, :~ 

.C)tC<., .~ OR' .~" .., . I '. .... 01('. . 02 NOi(XI( 	 ~• ~.I.'=-.;"I·'0·.··.,~·"e.,.1:xJ-~CN2 ImIIedCu1W'tI81.~I .__ I .,'. ~ C ..0r.lPI* ..0I0IidIIMC¥ C OR Aerobit or 

• 
. 	 ~.• ro-n ., .... t . 0, HOi I"'OX 

I 	 .1 ....... r-~~.'.' 


I,·, . ·~c ~
I · 	 EJCIIiss Cutll1.,0-."').0....1.0(. -')• . I . Cyt C . CoIlPIr' ,~ I\IO~ 
,I I" "OK ' I ~. OX .' 'EIIIctran /teti:;ftt;Aar I• 	 I·· ",' ' . ,I," '_I I . ,.... . . ......!IOIftiI' . .. , .• 	 1"1/" "'.'. r-"'~.

• II 'I1.".0".':'.-)'.G·':)0.. ". '-.~'OH-CN:z: Aambic",CulQ I,Cytc CocIper' • C¥ COR ..' ElieeSS.,.', . ." __ . or 
I .10K. I' '. OX 02 NOi Anaeo1lbic 
I .',. . L-~'~oIcOpper 

• 
I I. II ~, iII...-.ca1ain 


F1lu,~.3.UIltCtlto~tr~nap~r.tcha1n for odd.Uon/reducUon of 
 I 
copper spedes 111 bllcteda•. 
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