L

X

A243 777

ITATION PAGE

Form Approved
OBM No. 0704-0188

|||i'l’| IR

age 1 hout per response, including the time for reviewing Instructions, searching existing data soutces, gathering and
ormation. Send comments regardingthis burdenor any other aspect ofthis collectionof Information, including suggestions
for Information Operations and Reports, 1215 Jefferson Davis Highway, Sulte 1204, Arlington, VA 222024302, and to
'0188), Washington, DC 20503.

2, Report Date.

1. Agency Use Only (Leave blank).
March 1991

3. Report Type and Dates Covered.

Proceedings

4, TIEIe ana éiUthlle.r

5. Funding Numbers.

Micxrobiologically Influenced Corrosion of Copper Alloys in Saline Waters Program ElementNo.  0601153N
Containing Sulfate-Reducing Bacteria
Project No. 3102
6. Atithor(s). Task No. 330
Brenda Little, Patricia Wagner, Richard Ray, and Joanne M. Jones* Accession No. DN094463
Work Unit No. 13331A

7. Performing Organization Name(s) and Address(es).
Naval Oceanographic and Atmospheric Research Laboratory
Ocean Science Directorate

Stennis Space Center, MS 39529-5004

DTf C

e ELECTE

N

8. Performing Organization
Report Number.

PR 90:087:333

SBIN/NO ED/@

9. Sponsoring/Monitoring Agency Name(s) and Address{es).

Naval Oceanographic and Atmospheric Research Laborato
Basic Research Management Office ¢
Stennis Space Center, MS 39529-5004 >

DEC1 01991 §

R 90:087:333

-}11. Supplementary Notes.

*Naval Surface Warfare Center, Biotechnology Laboratory (Code R301), Silver Spring, MD 20902-5000

12a, Distrlbution/Avaliabllity Statement.
Approvad fer public release; distribution is unlimited.

12b. Distribution Cod.»,

13, Abstract (Maximum 200 words).

Sections of CDA 706 piping and Monel 400 tubing were severely pitted after exposure o marine and estuarine waters. Pits
developed under surface deposits of mixed bacterial communities containing 104-10°sulfate-reducing bacteria (SRB). Localized
corrosion was attributed to acombination of differential aeration cells, alarge cathode:.small ancde surface area, concentration
of chlorides, development of acidity within the pits and the specific reactions of the base metals with sulfides produced by the
SRB. Nlcke! has been removed from the pitted areas leaving a copper-rich, spongy pit interior. SRB isolated from in-service
corroding systems were used {o inoculate copper- and nickel-containing foils for laboratory studies. Environmental scanning
electron microscopy (ESEM) and energy dispersive x-ray analysis (EDS) were used to characterize the topography and
chemical composition of the wat biofilm/corrosion layers. The thickness, tenacity and chemistry of the suifide layers as well as

the severity of localized corrosion varied among the alloys and mixed cultures.

91-17480
VRO

14. Subject Terms.

Biofouling, corrosion, biodsterioration, electrochemistry

15. Number of Pages.
20

16. Price Code,

17. Security Classification
of Repor*
Unclassified

18, Security Classification
of This Page.
Unclassified

20. Limitation of Abstract,

SAR

19. Security Classification
of Abstract.
Unclassified

NSN 7540-01-280-5500

Standard Form 298 (Rev. 2-89)
Prascribed by ANSI Std. 239-18
298-102

91 1210 610




.~

$0000000000000000000000000000000008000008080

CORROSIONC)]

R R e T T T
PAPER NUMBER The NACE Annual Conference and Corrosion Show
0 1 March 11-15, 1991 - Cincinnati Convention Center » Cincinnati, Ohio

MICROBIOLOGICALLY INFLUENCED CORROSION OF COPPER ALLOYS IN SALINE WATERS
CONTAINING SULFATE-REDUCING BACTERIA

Brenda Little, Patricia Wagner and Richard Ray Aceaasion Yor
Naval Oceancgraphic and Atmospheric Research Laboratory (Code 333) ; ¥I7!  GRaal 5
_ ' PTIC TAB o
Stennis Space Center, MS 39529-5000 [ Gosnaonnsed G
Justificatton.—__
B3y
Joannc M. Jones Distribuiien/ |

Availability Codes
ﬁvali_gi-;i?oz'
Diat Spseial

A-\ 20

Naval Surface Warfarc Center

Biotechnology Laboratory (Code R301)
Silver Spring, MD 20903-5000

ABSTRACT

Sections of CDA 706 piping and Moncl 400 tubing were severely pitted after exposure to manne and cstuarine
waters. Pits developed under surface deposits of mixed bacterial commumties contaimng 104-10° sulfate-reducing
bacteria (SRB). Localized corrosion was attributed to a combination of differential acration cells, a large
cathode..small anode surface arca, concentration of chlorides, development of acidity within the pits and the speatfic
reactions of the base metals with sulfides produced by the SRB. Chlorine and sulfur reacted sclectively with the iron
and nickel in the alloys. Nickel had been removed from the pitted areas leaving a copper-rich, spongy pit intennor. SRB
isolated from in-service corroding systems were used to inoculate copper- and nickel-containing foils for laboratury
studics. Environmental scanning clectron microscupy (ESEM) and crergy dispersive x ray analysis (EDS) were used
to characterize the topography and chemical composition of the wet biofilm/corrosion layers. The thickncss, enacity
and chemistry of the sulfide layers as well as the severity of localized orrosion varicd among the alloys and mixed

cultures.
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INTRODUCTION

Copper and nickel alloys have a long history of successful application 1n the marine environment. Copper alloys are
frequently used for scawater piping systems and heat exchangers due to good corrosion resistance combined with
mechanical workability, excellent clectrical and thermal conductivity, case of soldering and brazing, and a resistarce
macrofouling. Alloying nickel and iron into copper alters the corros.on product and improves corrosion resistance. CDA
706 (an alloy containing 88.5% copper, 10% nichei and 1.5% 1ron) has been shown to be the most corrosion reststant

copper-based alloy for ~2awater service.!

Nickel alloys such as Monel 400 {contaning 66.5% nickel, 31.5% copper and 1.25% ircn) have been used extensively
in highly acrated, fast-moving scawater environments such as cvaporators, heat exchanger pumps and valves, diffusers for
stcam nozzles in steam cjectors and turbine blades.2 A passive film similar in structure to that obscrved on pure mickel 15
fornicd on Ni-Cu alloys having more than 30% N1 while alloys containing less than this amount of Ni behave like
copper.3 2

Coppcr and nickel alloys arc susceptible to several types of lovalized corrosion. Premature corrosion failures in
prcdommamly copper alloys have been attibuted to erosion corrosion caused by the removal or breakdown of the
protective film by mechanicat furces, such as local turbulence or lmpmgcmcm1 4.5 and undcr—dcposu&,orroslon.6 In hugh
velocity scawater, nickel alloys are supenior to predommantly copper alloys because the protecuve surface film remains
intact under ghly wrbulent and crosive conditions.” Moncl 1 susceptible to pitting and crevice corrosion attack under
stagnantconditions.s'lo
12

13 and cathodic dcpolamallon14 have been

Differential acration,ll selcctive leaching,'s under-deposit corrosion
reported as mechanisms for microbiologically influenced corrosion (MIC) of copper and mckel alloys. Popc15 proposcd
that the following microbial products accelerate localized attack. CO,, HyS, NH3, organic and inorganic acids,
mectabolites that act as depolarizers, and sulfur compounds such as mercaptans, sulfides and disulfides. Geescy et al.l6

demonstrated that bacterial exopolymers play a role in the corrosion of copper alloys.

This paper will present case hustornies of mivrobiologically influencad corrosion in a CDA 706 scaw ater piping system

and in Moncl 400 wbing, and laboratory studics of copper/mckel alloys exposed to anacrobic bactena mcluding SRB.

MATERIALS AND METHODS
Field Studies

CDA 706. A heavily pitted section of CDA 706 piping (15 um 1 x 2.5 cm L. D., wall thickness 3.6 mm) was removed

from the scawatcr piping system of asurface shup after appruximately une year of service. During operation of the ship the
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séng'iter piping system had been maintained with continuously flowing seawater (1.6 m/scc) at a maximum temperaturc
-of 30°C. However, during the 12-18 months of the shipbuilding process, the system had been operated with estuarine
-water from the Gulf of Mexico with intermittent flow and long periods of stagnation. At the time of removal, the pitted
scction was inspeced visually, subsectioned and placed in refrigerated 4% glutaraldehyde prepared in filtered seaw ater.
Thic glutaraldchyde-fixed subsamples were taken through a scrics of distilled water washes, dchydrated through acetone
and xylene washes and air-dried.17 Surface chemical analyses were performed with a KEVEX 7000 energy dispersive x-
ray spectrometer (EDS) coupled to an AMRAY 1000A scanning electron microscope (SEM) . Subsections were sputter-

coated with gold for scanning electron micrographs.

Water collected from he seawater piping system was analyzed for salinilyls, dissolved oxygcnlg, pH, chlonnity 10,
to.al suspended solidslg, total organic carbon!9 and total dissolved sulfate.!? Dissolved sulfides werc measured using a
modification of the method described by Strickland and Parsons20 that uses a 10 cm cell to ncrease sensiivity (detection
limit is 6.5 ppb) . Numbers of SRB in the flow-through water and in the biofilm were estimated by the most probable
number (MPN) method using a medium containing lactate as the clectron donor and carbon sourc: and made to the

salinity of the scawater.21

Moncl 400. An cxperiment was designed to evaluate the corrosion behavior of Mone! 400 under vonditions of
intermittent flow similar to those described for the CDA 706 during shipbuilding. Monel 400 wbes (6.0 meters x 20 mm
L.D., wall thickness 1.9 mm) were maintained with intermittently flowing (1.5 m/sec) and with stagnant Gulf of Mexico
water for approximately six months. After one month of continuous flow, the watcr in the tube sections was allowed to
stagnate for one wecek after which the flow was resumed. At the conclusion of the test period, tubes were cross-sectioned,
visually inspected, scraped for SRB enumcration and prepared for SEM/EDS analyses as previously described. Gulf of

Mexico water was also collected and analyzed for the parameters described previously.

Laboratory Testing

Sampling and Maintenance of Cultures. SRB used in the following cxperiments were isolated, characterized and
maintained at the Naval Surface Warfare Center. The cnrichment medium used to isolate and mamtain the mixed
microbial cultures contained Jactate as the clectron donor and carbon source for growth.m The medium was
supplemented with 2.5% (wt/vol) NaCl for enrichment of mat.nc microbes. All cultures were grown anacrobically at

room temperature in sealed bottles.

Table 1 shows the location from which the mixed microbial cultures (obligate and facultative anacrobes, SRB and non-
sulfate reducers) were originally isolated. Cultures I-V were obtained by ascptically scraping 3™ x 3" corrosion coupons in
a constant immersion flume tank at NAVSWC/Ft. Lauderdale, FL. Culture VI was obtained from fouling deposits 1n a sca
chest (scawater piping system) of a surfacc ship at Long Beach Naval Station in Long Beach, CA. Culturc VII was

isolated from moisture triapped under th cargo ramp of a C-130 transport planc. This arrcraft was at the Naval Aviation
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7'Dép§§§(NADEP)?at Cherry-Point, NC for corrosion maintcnance where the ramp area showed signs of blistenrg an.., )r.
pc’eiiﬁg of the protective epoxy/polyurcthane coatings. Cultures I-VII were used to inoculate 1 om? copper-contany.y
coupons (99Cu; 90Cu:10N:, 70Cu:30Ni and brass [4Fe:27Zn:69Cu)). The coupon cultures were _aantaned for 4 1o -
montlis with the cells fed every 7-10 days.

Clzqucterizaliori of SRB From the Mixed Communtics. Postgale medium B22 was used for the salt tolerance test for the
SRB?‘f}ure cultures, NaCl was added in 0.5% increments (range tested was 0% to 4% NaCl). SRB colony types were
tested-using the desulfoviridin test.22 One milliliter of cach culture was pelleted in 1.5 ml microfuge tubes and suspended
in 100 microliters of growth medium. Cells were lysed by adding 50 microlicrs of 2N NaOH. The tubes were vortexed
and:the lysate was immediately- viewed undcer longwave UV irradiation (365 nm). A red fluorescence indicates the

preserice of the desulfoviridin pigment and is evidence for the presence of Desulfovibrio.

Sin‘élc colonics of each SRB were streaked onto Postgate medium B plates supplemented with the followng antibiotics.
ampicillin, 50 micrograms/ml, tctracycline, 15 micrograms/ml, kanamycin, 50 nucrograms/m!, streptomycin, 25
micrograms/ml, and chloramphenicot, 10 micrograms/ial. Growth within 2 days meant the SRB were resistant to that
antibiotic. Aftcr 5 days no growth was scored as scnsitive to the antibioti.. Ampicillin was purchased from ICN

Biochiemicals (Cleveland, OH) and the other antibiotic:. were purchased from USB Corporation (Cleveland, OH).

At the cnd of the uxposure periods, surface topography and chemistry were dwumented using an Electroscan Model E-
30 environmental scanning clectron mic-oscope and a Tracor Northern Model 5502 cnergy dispersive a-ray spectrometer
(ESEM/EDS). Coupons were removed from the culture medium, carried through a scrics of salt water/distilled water

washes and examined directly from distilled water.

RESULTS

Field Studies

CDA 706. The surface of the CDA 706 pipe was heavily pitted (Figure 1a). Surface deposits were thick and
multilayered, varying in color with depth. Qutcrmost layers were dark green to reddish-brown. Bright bluish-green
deposits were found on the surface in unpitted arcas. Pi. inteniors were black and pit depths were typically 1.7-2.0 mm. A
cross-section thiough the pitted arcas exposed subsurface bactena within the thin, black deposit and a spongy subsurfacc
(Figurc 1b). Scrapings from the arca within the pits indicated the presence of 1 x 10" SRB ¢m™2 compared to 1 x 10!
SKB cm2 detected within the surface film on the unpitted arcas. The EDS spectrum of the base metal showing the
relative concentrations of iron, nickel and copper is shown in Tigure 2a. An EDS spectrum taken i the bactenial Layer
s.Cwed concentrations of aluminum, silicon, phosphorus, sulfur, valuium and Jhlorine in addition to clevated amounts of
in w and nickel (Figure 2b,c). The EDS spectrum of the spongy layer under the bacteria indicated an aveumulation of
phosphorts and a depletion of nickel (Figure 2d).

Watcr remved from the failed pipe scction was typical of scawater (salimity, 35 o/w, dissolved oxygen, 6.4 mg 1!, pH,
8.2; total organic carbon, 1.8 mg I, total suspended sonds, 3.0 mg I'!, and total dissolved sulfate, 2.4 g 1-1). Dissolved

sulfides were below detection limits. The SRB concentration in the bulk scawater was typically 1 x 10102 7L
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Mg;lcl—4g!§1, Visual examination of the Monel tubes indicated a multilayered scale and lucalized attack. The scaics were
characterized by surface blisters (Figure 3 a) that contained corrosion products and bacteria. The concentration of SRB
within these surface deposits was typically 1 x 10* cm™2. Removal of the scale eaposed tocalized, irregular-shaped pus
that averaged 0.4 mm wide x 1.0 mm deep (Figure 3 b). The EDS spectrum corresponding to uncaposed Monel 400
indicated the relative amounts of copper, nickel, iron and manganese in the alloy (Figure 4a). The EDS specttum fruom dhe
black layer within the pits showed an accumulation of sulfur and chlorine along with increased amounts of won compared
1o the base alloy (Figure 4b; thysical removal of the bivfilm frum the pit caposed a vopper-rich regron that was depleted

in nickel and iron (Figure 4c).

During the test period, the Gulf of Mexico cstuarine water temperature varied frum 9°C 10 30°C, pH vaned from 7.4 to
8.2; and chlorinity varied from 4.3 10 20.0 °f CI° indicating a range of salinity from 7.7 to 37. Total suspended solids
ranged from 10 to 65 mg 1-1. Dissolved oxygen varicd from 4.3 mg 11 during the summer to 10.8 mgl'1 during the
winter months. Dissolved sulfides were below detection limits. The mean concentration for sulfates (804'2 ywas 25

gm 1-1. The SRB concentration in the estuarine water was 1 x 102 10 103 ccL.

Laboratory Testing

Iriticl Characterizations of SRB From the Mixed Communities, SRB arc found in natura! water of all salimises from
near zcro 1o saturation. Above 2% NaCl the population is almost always Desulfovibrio. 22 Most SRB obtaned from the
marine cavironment (cultures 1- VI in Table 2) have an absolute requirement for 0.5% or greater concentration of NaCl.
There were SRB from cultures IT and IV that had an absolute requitement fur 1.0% or greater concentrations of NaCl. The
SRB grew cqually well in NaCl concentrations from 1.0 to 4.0%. From culture VII (non-marinc environment), purc
cultures of SRB were obtained that grew on 0% NaCl but grew cqually well on scawater concentrauons of NaCl

(facultative halophile),

Variations in SRB colonics and cell morphologies from somie of the miacd commumties suggested that different strains
and/or species of factate-utilizing SRB were isvlated. Many of the pure culture SRB 1sulates from mixed cultures -VII
(marinc and non-marinc) were desulfoviridin-positive. From this «nd »alt wlcrance tests, i appears hikely that these pure
cultures are Desulfovibrio. From the non-marine culture VII, SRB were obtained that shuwed no fluorescence
(desulfoviridin-negative). Further characterization of the SRB (in purc and miaed cultures) will involve the use of
fluorescent 16s TRNA probes for SRB. Some of the SRB will be identificd using gas Jhromatography on tuial faty acid
composition by Microbial ID, Inc. (Newark, DE) ur by an in-depth study of the physiolugy, metabolism, tol faty acd
composition and growth optimization by ATCC (Rovhville, MDj). Table 2 shuws resistance/sensitinaty of the $RB to five
antibiotics commonliy uscd in microbial genctics studics and results for the desulfoviridin test.

All copper-containing metals exposed to anacrobic cultures containing SRB were wovered with black sulfur-rich
deposits (Figure 5 b,d). Samples exposed to growth medium only exhibited a thin blackh wnavious layer on 59Cu amd no
black deposits on brass (Figure 5 a,c). The thickness of the surfave deposits on 99Cu in the presence of SRB varied

among the cultures (Figures 6 ab, Table 3).  The tenacity of the corrosion products varied with matenal and eulture.
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Sulfide layers on 99Cu were consistently nonadherent and i the case of culture VI most of the surface deposits sioughcd .
into the growth medium (Figure 7). Sulfide corrosion products on copper alloys were more adherent. Sulfide layers on dll
brass:samples were thin, tenacious and difficult to scrape from the surface. In all cases, bactena were closely associated
with-the sulfur-ricl. deposits (Figure 8 a-d). Many of the bacteria were encrusted with deposits of copper sulfides (Figure
9). Figure 10 is an EDS.spectrum collected from the surface of CDA 706 colonized by culture VII.  Surface deposits
were=cnriched in silivon, phosphorus, sulfur, manganese, ron and nickel. Table 4 15 a summary of the clemental
compositiun of 90Cu: 10Ni and 70Cu.30Ni before and after colonization by cultures II and VII, respecuvely. In both cases
the sulfide layers were enriched in iron and nickel, The biofilm on 90Cu. 10N1 contamed clevated amounts of manganese.

The surface chemistries on brass were not evaluated because: the EDS software cannot quantify zinc.

Corrosion under the uniform sulfide layers can best be described as uniform. Localized corrosion was obscrved under

discrete deposits on the surfaces of all alloys (Figure 11).
DISCUSSION

Copper alluys prevent or retard the settlement of macrofouling species such as barmacles and mussels. 2323 However,
bacteria, microalgae, protozoa and their cellular exudates form a slime layer on copper-contaming surfaces. 26-28
Marszalek et al.l” documented that copper fouled at a slower rate than stanless steel and glass surfaces, that fungi were
conspicuously absent on wopper surfaces and that diatoms appeared only after copper surfaves were covered with a
microfouling layur of bacteria/catracellular pulymer. Both macrofouling and microfouling murcase as the conventration of

nickel in the alloy increases. 29

In the two ficld studics reported in this paper, SRB were isolated frum localized deposits associated with prts. SRB arc a
diverse group of anacrobiv bacteria that can be isulatad in many anacrobie habitats, including the marine cnvironment
where the concentration of sulfate in scawater 1s high (G prally 2 gm 1° 1 and fairly constant.®® Scaw ater piping sysicms
have high surface arcas at which nutnient, can concentrate, predispusing these aystems to biofilm formaton.>! The
metal/biofilm interface can kecome anacrobic and provide a iy e Tur sulfide production by SRB.32

Litdle et a1.33.34 published scveral reports documenting  Tualized corrosion of copper alloys by SRB in cstuarine
cnvironments. Others reported the failure of copper <fluys in polluted scawater containing waterbomne sulfides that
stimulate pitting and stress corrusion s,mx.king.“ Copper alluys suffer aveclerated corrosion auack in scawater containing

6 Popcn isolated SRB from 90Cu. 10N surfaces under deposits of iron- and

0.01 ppm sulfide after 1-day cxpusurc.?
mangancse-deposiung bacteria and under dis. .cte deposits of shinwe furming organisms where scvere pitting was observed.
The pits under the deposits contaned up 1o serveral mithun SRB per pit. It was proposed that the Jepusits were formed by
the action of slime-forming organisms and iron- and mangancse depusiting baciena previpitating metals i the hydroxide
fotrus. These surface deposits provide an .nacrobic cnvironment that permits the growth of SRB and the pruduction of

coriosive metabolic products.
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Corrosion of the Monel 400 tube was characterized by pit formauon under blisters containing SRB. Differential acration

-cells-appear to-have been created, with low concentration of oxygen immediately underneath the deposits creating an

anaerobic environment for SRB. The surface arca under the deposit becomes anodic and corrodes while the electrons that

are generated react at the cathodic region of high oxygen concentration. Chlorine and sulfur had accumulated within the

-pit and reacted with the iron and nickel in the alloy. There was a selective Icaching of nickel from the alloy leaving o

spongy copper-rich material in the base of the pit,

Moncl has a tendenoy for the mitiation of pitung in chloride-containing ¢nvironments where the passive film can be
disturbed. Under stagnant conditions, chlorides can penctrate the passive film at weak points causing pitting attack.
Sulfides can causc cither a modification of the oxide layer or a breakdown of the nickel oxide film. Pit initiation and
propagation depend on the depth of exposure, temperature and presence of surface dcposits.svo Gouda ct al.37

demonstrated pitting of Monel 400 tubes exposed 1n Arabian Gulf scawater. Pits developed under depusits of SRB and

-nickel-had been selectively dealloyed.

Because of the diversi.y among naturally -ocurring SRB, even mixed cultures of strivt and facaltative anacrobes were
isolated from a vancty of corruding matenals, mantained in the laboratory, partially Jharacterized and used (o inoculate
copper-containing metals. The substratum to which the mivrobes attach plays a major role in biofilm processes and imay
influcnce the rate of cell avcumulation as well as the distnibution of cells. Corrosion and sulfide film formation on copper-
containing metals were followed using ESEM/EDS. ESEM offers a nun-destructive method fur imaging wet biofilms on
surfaces taken dircetly from liquid medium without any sample preparation. Also, EDS analysis can be perfurmed at the

samic time the sample is being viewed and photographed.

The ability to mcasure wet corrosion layers on metal surfaccs demonstrated that the degree of surfave derivatization by
microbiologivally produccd sulfides depends on the alloy composition and the specific consortium of mivroorganisms. A
porous layer of cuprous sulfide with the general stoivhiometry Cuj-xS, O<x<1 forms in the presence of sulfide jons. 38
Copper ions migratc through the layer, react with more sulfidc, an.1 produce a thick, black scale (Figure 7b, d). It has
been argued that if the copper sulfide layer were dyurleite (Cuy ggS) the sulfide layer would be prolc«.li‘c.""q In scparaic
cxperiments, 20 djurclitc was denuficd in the x-ray crystallography pauerns on 99Cu and 90Cu.10Ni cxposed to cultures
ITand IV. However, cvenif such a sulfide film were technieally passivaung, the film’s mechanival stability 1s so poor that
sulfide films arc uscless for cormoston protetion. In the presence of turbulence, the looscly adherent sulfide film is
removed, exposing a fresh copper surface o react with the sulfide sons. For these reasuns turbulence induced corrosiun
and sulfiic attack of copper alloys cannot casily be devuupled. In the presence of oxygen, the possible corrusion reactions
in a cepper sulfide system arc cxtremely complea bevause of the farge number ot stable copper sulfides,3! their differing

R

- - - 2 = -
clectrical conductivitics, and catalytiv effeuts. Syrett™ reviewed the transformations between sulfides and oxides tht

result in changes in volume and bond weakening, Icading to spalling.

A very important feature of wet biofilms on copper-contaning metals was that the micruurgamsms were distributed

throughout the copper/nickel/iron-rivh surface fayers and not on tup of these layers as sume traditional svanning clevtron
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imicrographs have indicated. The microbiologically produced corroston layers were enhanced in iron and nickel relative to
ithe-base alloy suggesting selective dealloying. Manganese that accumulated within the biofilm (Figure 10) must have
theenbound from the culture medium. Wagner et al2 demonstrated metal binding by a marine bacternum on copper
-surfaces. “Metal-binding is casicr to detect on wet, unprepared biofilms. The role of polymer-bound metals in the

:corrosion-of copper alloys has been addressed by Gccscy.16
CONCLUSIONS

Microbiologically produced sulfides appear to react preferentatly with iron and nickel 1n copper alloys. Any bencfits
these alloying constitucnts provide to the corrosion protection of the alloy are lost in the presence of SKB where sclective

dealloying is suggested.

The lack-of tenacity of sulfide films on high copper alloys is a factor 1 the enhanced corrosion obscrved in the
-presence of - SRB. Sulfide films slough from the surface, cxposing fresh copper to react with the microbiologically
‘produced sulfides. The inability to isolatc SRB from localized corrosion on the surface of high copper alluys may be-duc

-to turbulence in the system or loss of sulfide layers during sample manipulation.
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Table 1. Summary of mixed microbial cultures originally isolated from cotroding naval matenials in marine and non-marine
environments.

CULTURE METAL PRIMER TOPCOAT

| 4140 Stesl 5 Step lron Phosphate None

i 4140 Steel 5 Step Iron Phosphate Epoxy

i 4140 Steel Zinc None

v 4140 Stee! IVD-Aluminum Nylon

\ 4140 Steel 5 Step Iron Phosphate None

Vi Carbon Gteel Proprietary Proprietary

Vil Aluminum Alloy Epoxy Polyurethane

Table 2 Antibiotic and desulfoviridin screens on pure cultures of marine and non-marine sulfate reducing bactena.

CULTURE Amp? TotP Kan® std Chi Desulfoviridin!
I + + - - - +
] + + - - - +
11 + + . ) ] N
v + + + + - +
V-#1 + + . ) ] .
V-#2 + + ) . ] +
Vi + ; ) ) ] "
viig

+NaCl#1 - + . + . +
+NaCl#2 + . . ) ) +
-NaCl#1 N.D.b N.D. . . . .
-NaCl#2 N.D. N.D. - + - .

2 Amp, 50 micrograms ampicillin/ml.

b Tet, 15 micrograms tetracvcline/ml.

€ Kan, 50 micrograms kanamycin/ml.
dstr, 25 micrograms streptomycin/ml,

€ Chi, 10 micrograms chloramphenicol/mi.

" The desulfoviridin test is described in the materials and methods section of this report, +, desulfoviridin-positive
result and is evidence for the isolate being Desulfovibrio; -, desulfoviridin-negative isolate.

9+Na”l, SRB isolates that require 0.5% or greater concentrations of NaCl but these isolates also grew without any
NaCl added to the medium.

h N.D., Not determined.
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Table 3. Thickness of copper foils and sulfide layers after 4 months incubation.

Thickness of Base

Thickness of Sulfide
Metal (m) Layer (m)

Sterile, Unexposed 128 0

Medium - NaCl 120 6

Medium + NaCl 110 12

Cuilture 1 100 35

Culture 2 80 6

Culture 3 60 8

Culture 4 65 A

Culture 5 80 6

Culture 6 70 4

Table 4.
90/10 Base 90/10 Colonized 90/10 With 70/30 Base | 70/30 Colonized 70730
Metal With Culture Il Biofilm Removed Metal With Culture Vil | Under Biofilm

Si 0.67 0.69
P 0.61 0.68
S 7.44 14.57 0.006 11.06 9.31
Mn 0.5 0.92 0 0.78
Fe 1.4 25.95 5.48 0.51 15.82 3.83
Ni 9.6 20.06 2.91 29.43 28.78 15.46
Cu 88.2 44,34 77.03 69.09 42.97 71.41
Zn 0.1 .02
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Figure 3. (a) Blister on the surface of Monel 400 tubing after the six-month
exposure to estuarine water; (b} Pit in Monel 400 tubing after the six-month
exposure to estuarine water.
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Figure 4. {(a) EDS spectrum of unexposed Monel 400, {b) EDS spectrum of Monel 400 after exposure to estuarine water
for six months showed an accumulation of silicon, sulfur, and chlonne with elevated concentrations of iron and nickel,
{c) EDS spectrum of the residual metal in the base of the pit showing nickel denletion and copper enrichment.
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@ - 1 .o (b).

© : o (d).

Figure 5. (a) Surface of 99Cu after 4-month exposure to growth medium-NaCl with no SRB added, {b) Gurface 0. 33Cu
after a 4-month incubation with culture W), {c) Surface of brass foil after 4-month exposure to growth medium NaCi with no
SRB added; (d) Surface of brass foil after 4-month incubation with culture 1.
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Figure 6. (a) Edye view of 99Cu foil before sxposure. ana {b) Edge view of 99Cu after 4-month incubation witn ¢ hiure il
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Figure 8. ESEM micrographs of biofiln: « ... (a) Copper foil aft2r 4-month incubation with culture II, (b) Copper foil after 4-
month incubation with culture ill, (c} Brass foil after 4-mor:.. ~cubation with culture I, and (¢} Brass foil after 4-month
incubation with culfure V.

ELEMENT WT 1%,
Al 050
Si 193
P 132
S 563
Mn 1.34
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Ni 4468
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Figure 9. Sulfide deposits on cell from culture Il on 99Cu. Figure 10. EDS spectrum collected from the surface of
10Ni detecied by ESEM/EDS. CDA 706 colonized by culture Il
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