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THE EFFEﬁT OF ﬂYDROSTiTlC PRESSURE ON THE ELEBTROCHIH!CAL
: . BEHAVIOUR OF SOME " COPPER &LLOYS .

M " BECCAR!A. luuuto per ‘1a Corronono Htrmo. dei muux

Genova, Italia

D.FESTY,: Institut Frangais de Rocbbrcha pour .1’ Ebtploilat;on

~do la !(or, Broa!., France

'I'h. hydrott;uc prouure effects on the olcctrochonical
behaviour of Cu-Al and Cu-Zn alloys has been studied by

- 1CCH and !FREHER joint-vorking. The average corrosion rates
-.of “hoth - alloys ~increases. with increasing hydrostatic

' . pressure, the anodic process of alloy 1 and both anodic and -

" cathodic processes of slloy 2 being. onhmcod -The increase
of . the alloys corrodibility seems to be linked to the less
hydrated . m.turo of the corrosion products formed at hxgh
‘ pntcuro. .

Les ‘effuts de ‘h"p:guim hydrostatique sur le

comportement électrochimique d’alliage Cu-Al and Cu-In ont
été dtudiés  conjointement par 1°ICCH et 1°IFREMER. La
vitesse moyenne de corrosion des deux alliages augmente
avec la pression hydrostatique, cela se traduisant par une

modification des tracés potentio-cinétiques : augmentation

des donﬂt.‘: de courant anodique pour 1‘slliage 3 et
modxq\u et cuthoqxquc pour 1’slliage 2. Ce comportement
semble étre lié A& la nature différente des produits de
~corrosion (moins hydratés) formés sous hautes pressions.

BESUMEN

Los efectos de la presion hidrostatica sobre el
comportamisento elsctroquimics de los aliages Cu-Al y Cu-ZIn
fueron estudiados conjutamente por el ICMM y IFREMER. La
velocidad medis de corrosion de los dos aliages aumenta con
* la. presion hidrostatica, tradusiendose en una modificacion

de las trazas potencicocineticss : aumento de las pensidades
de corriente anodica en el aliage 1 y anodica y catodica en

ol aliage 2. Este comportamiento parece estar en relacion

‘ton la naturaleza diferente de los productos de la
corrosion {(menos hidratados} formados bajo sltas presionas.

Lmnmmox

V . ctri.a of oxporilont_: carried out hy Reinhart (1,2,3)
in natural sea water at the surface and at depths of 760 n
and 2100 », on some copper alloys, showed that the average

corrosion rate of brasses was unaffected by the depth
change while ‘the bronzes corredib:lity decreazses wilh

1ncrets;ng depth, thexr avorl.ge corroaion rato lt 760 m md
2100 m depth was lowar than at surface, (1 mpy and 0.5 mpy
respectively). This decresse was attributed to- the effect
of decreasing temperature - and D.0 (Dissolved Oxygen)
content and excluded the effact of the dopth {i.e. of the
hydrostatic pressure).

Another expsriment showed that pure copp.r cnd bu.ts
(alloy LS-58~1) exposed in the subarctic zone of. the
Pacific Ocean  (4), (where D.0 ana temperature remain
constant with depth), have behaviours influenced by the
depth (the most dangerous depth v;luc was 3000 to 5000 . m
for brass alloys and 100 » for Cu).

Therefore the change of D.0 and tnpornturo cannot
explain alone. the variation of corrosion rate with depth.

Laboratory experimsnts, carried out in vessels u.
pressures ranging from 1 to 300 bar, D.0C and temparature
values remaining constant with pressure, showed on the -

- contrary that hydrostatic pressure influences the corrosion

behaviour of various metals, as copper (5.6), zuckcl (7.8
and aluminium. (9). This effect was A{tribntcd to - the
changing . values of some paraneters (hydratttion dogru.
ionic radius, diffusion coefficient (10}, .etc.) that
influences both the transport phenomens of dif!oront ions
and the reaction kinetic at the solution/oxide and
oxide/bsre metal interfaces, to wich the nature of the
passivation leyer and the metal corrodtbiuty can be
correlated, ‘

Previous work (5-9) showed that with increasing the
hydrostatic pressure the average corrosion rate and the
susceptibility to pitting of nickel decreases, vhile the
corrodibility of «copper and asluminium increases. The -
different behaviours of these elements can influence the
dealloying mechanism when ths pressure incresses, for
example by decreasing the preferential dissclution of the
most active element of the alloy (In, Al or MNi) with
respect of Cu, modifying thcroforo the phononnon tovnrdc
homogeneous dissolution.

in order to investigate if the different b.h-;viour of -

the alloying elements (In and Al) affect the dealloying
‘phenomena when hydrostatic pressure increases, - some
experiments were carried out -at wvarious pr.stur.s.
temperature and D.O concentration rmining constant. :
It is know that the dealloying is enhanced by & large
grun size structure. Therefore the grain size of specimens
was increased by annealing and water quenching troat.nant.v
to emphasise the dealloying and enhance the dxfi’qrmt‘
behaviour of alloying elements. .
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Exparl-ants were carrxed out by usxng Cu~Al and Cu-Zn

fslkoys with the folloving co-posi;;ons.' ,
Cu-Al (alioy 1) 95 Cu s a0

Cy~Zn - (nllgy 2) 66 Cu 10 ZIn 2 Sn ’
By therakl trcatnontc. Anhocling in nitrogen atmosphere

(alioy 1 : 800 *Cc, 3G‘nn, alloy 2 : 600 *C, 80 mn) and’

water quonchtnc.v i’ 'nophua:c .structure i(phase o) of both
alloys was - obt*incd‘ h~;avorag¢ grain size dimensions of
4-6 mm’ und ‘25 um res ctxvoly. Specimens were polished with
grade 600 - abrtsivc paper nnd degressed with _ petroleum
before beirg ’ ‘innersed in ses ‘water at 8.2 pH, 15 °C and 6.5
to 7 pam - D.b Exporx-onts were. cerried out in two pressure
vn-sol:. onhe of - 3.5 1 quicccont ses water (vessel A} and
the: other - of 125 I  continously reneved sea  water
(vessal B}, with 1 i/mn f(lowv rate. Beth above  described

vedsels (5,63(11) wvere prosaurizod by a hydro-pneumatic

pump. with sea’ vttcr‘ as vorking fluid,. Free corrosion and
elactrochemical tests were porforn.d at various pressures
<1, .150, 300 bar} by using specimens of different

dimensions. In Lhe vessel A flat specimens (10x100x2 mm)

were - axposed for 144 h, while in vessel B. specimens
(100x100x10 ma) vere inmsrsed for 144 and 720 h. The volume
of ‘corrosive  solution pef exposed surface were higher than
200 ml/cmX and avoided any ‘appreciable modification of the
ses ‘vater composition due to the formation of soluble
corrosion producti The total weigth loss of specimens

corroded in renewed sea water was measured by gruvxlatrxc

method followingg the ASTH G 1 specification.

The total weight ‘loss of specimens expossd in quxe-cont
soa water was' evaluated by adding the -amount of the
oxidated metsls both ss soluble carrosion products and as
corrosion products adhering to the metallic surface. The
latest.compounds .were analysed by X-ray diffractometry
(Cu @ radiation) and by analytical chemical methods that
permitted the selective dislolution of verious oxidation
compounds with luxtabl. .olvonta while the metallic matrix
vas dissolved to a nogligghl. extent. The specimens, washed
with distilled water and trested with methanol, were

 immersed’ in aqueous glyctno solution in order to remove the

bivalent metals compounds and- in squeous diluted ammonies
solution to dissoive cuprous mand aluminium compounds
following a method described in ref.12,13. Cations and
anions of the dissolved corrosien products were measured by
stomic-absorption flame-less spectrophotometry (Cu™~,Cu™,

Al***, Zn"*, Sn**), by atomic sbsorption fleme atomization

(Na™, Ca*™, Mg**), by ionic chromatography (Cl~, 504~ ") and
by guschrangtogruphy {COs~2. A1l methods had an ;céurawy
and precision better than 8 X.

The wlectrochemical tasts were performed by using tlat
specimens (64 cm2 of - surface) in reneved: ses water

(vassel B and cylindrical specimens (10 cm?  about of
surface}) in quiescent ses water (vessel A), ’

Polarization potentiodynamic curves vere carried out at
a scanning rate of 250 mV/h on specimens exposed 2, 144 and
720 h  at various (1, 150, 300 bar) ' pressures. . The
electrochemical impedance was measuread by  setting the
electrode, exposed 2 and (44 h at 1 and 300 bar in
quiescent sea water, to its free corrosion potential and
perturbing it by a 10 mV a.c. potential. A wide frequency
range (10 mHz ~ 10 KHz) was covered by using five points
per decade and di:playinc the data as a Nygquist plots (ImZ
versus ~-YReZ). From these. measurements the corrosion
current density and polarization resistance was calculated.

BESULTS AND DISCUSSIONS
Fig.2 shows ihdt the weight lo:s.vaXuos obtained from

‘ experiments in  renewed and in Quiescent sea water

extrapoled to 720 h, increase with increasing hydrostatic
pressure. The weigth lossés on specimens exposed in reneved
ess weter ars higher than values obtained from specimens
corroded in static conditions probably becauss in this case
a precipitation of solid corrosion products is promoted.
The interface metal/solution reaches a higher concentration
of .oxidation products and a protective film is formed that
inhibits the corrosion process. Also, the ise-- values,
calculated from polarization potentiodynamic curves after
144 h of exposure in renewed (table 1) and in quisscent -
{(table 2) sea water confirm the greater corrodibility of
the alloys in dynemic conditions and their different
behaviour with the change of hydrostatic pressure, alloy 2
being more influenced. The average corrosion rate (see
weight loss values, fig.2 and jimwer, tables 3 and 4) of
this alloy is almcst doubled when the pressure reachs
300 bar, while the corrosion rate of the alloy 1 increases
with about 25X.

The icoer~ values of electrochimical tests are in good
agreement with the icwr~ values calculated from weigth
losses (table 3). The electrochemical results obtained with
polarised specimens can sometimes be different from those
obtained in free corrosion.

"Polarization curves (fig.3,4) at- 1, 160, 3060 bar.
explain the greater influence of the hydrostatic pressure

on the alloy 2, that presents an acceleration of both . #

anodic and cathodic processes. The acceleration of the.

" anodic process of alloy 1 is the same than alloy 2 but:

cathedic process is almost unchanged in the potentiail
domain of Tafel region, this for tha whole pressure range.

Alloy 2 shovs an increase in iw (diffusion current) between -
-700 to -850 mV/AgAgCl <{(potential domsin of oxygen : -.
diffusion limit current), that does not influence the ..

kinetic of the corrosion process. This process is under
mixed control as shown by similar values of the anodic and
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;thodzc Tatol . slopes (tables 1-37 0 results sre
unaffectﬁd. by ies ‘change . The anodi¢ curve of alloy 1 at

" atmospheric pressure displays, in the . range -200 to
~100 mV/AgAgCl, [ hump probably ,indicating the

coprccipilutxon ‘of Cu~Al compounds. This hump decreases

with incressing hydrostatic prassure and has dl:appeared at
0 bar. The c;thodxc curve at 1 ba@ also shows . the
prosgncc of . oxtdntion compounds. Thc tfrat pesk can be due
. . on resction : Cu™ + e~ i==3> Cu (14). Ihcno
X poar&d at 300 bar. “The cnthodic curve ‘of
tho ulloy 2 g.4) corroded at ltlocphoric ‘pressure shows

two | reduct ‘peaks, at . -300 ‘and -450 aV/AgAgCl,
'corrosponding,to the reduction of Cu* and Cu*™ -compounds.
With  incressing the hydroatutic pressure the peak at
-450 uleamm disappesrs, while the peak at -300 mV/AgAgCl
heccomes los: ovzdont. The totturo of the anodic curve
rovoals. thut the arodic procosn is stimulated by the
‘hydrost;ttc proasurc. it incradses since the Tafel slopes
decroase’ snd the anodic current shifts tov&rdn higher
values. ‘!‘h‘h shift cen be explain by a decrease of the
corrosién | layer ‘thickness with increasing pressure,
Chemical analysis confirme this uuggostion, ‘as shows fig.S
that plots Iilll under the form. of corrosion products
ndhoring ‘to metsllic surface. The main variation of the
composition of the corrosion layer formed on both alloys is
the .decrease of copper compounds amounts ‘(tables 5,6) with
increasing pros:uro. Cul), Cuz0, CuCl, copper oxychloridcn.
oxycirbonates or oxysulphates are present at atmospheric

pressure, while at’ 300 bar only hydrutod copper compounds

‘ate present (table 7). The formation of hydrated copper
compounds can perhaps be irhibited. by the lowest
) hydrntution dogroo of various ions at high pressure.

The chang. of the Al/Cu and In/Cu atomics ratic (A1/Cu
from 0.20 to 0.40 and Zn/Cu from 6.06 to 0.02) in corrosion
layers, with incrcnling pressure, do not seems Lo influence
noticesbly the passivation’ Ability of the corrosion layer,

the Al or 2Zn coicentrations are too small. That the
cov.rinc power of the passivation’ laycr is greater at 1 bar

has to bs tttributcd to the pro:onco of hydrated copper.

co-poundl procipatnd on the pri-nry corrosion layer
constitued by Cu0 and CuCl.
’ The lover corrodibility of the alloys at atmosphere
pressure is- coniirnod by the impedance spectra carried out
on specimens exposed 2 h and 144 h st various prassures in
quiescent asen  water. The Ra« values (transfer charge
recxotunco) (fig.6,7), highest at’ atmospheric pressure,
fairly agree. vtth Re wvalues Clinear polarization
resistance}(table 2), as expected, because Rce and Ra may
be consxd.red oquivlllnt Theses values determine the rate
of corrosion reaction and are related to the ‘eleéctron
transfer throagb the surface.

‘The impedance spectra in the low frequencies domain
rcgnrdxng the election tr;nsler through the passivation

film due to the sdsorption-desorption reactions on the film
itself, clearly shows that the films formed &t 1 and
300 bar are different. The impedance spectra suggestis only

"one relaxation process for the specimens corroded at

300 bar regarding the adsorption of an intermediate specias
for exsaple : Cu(Cl)™ + ¢ ~-> CulCllave ., wich forms
copper chloride. The two semicircles in the low frequencies
domain of the impedance specirs of specimens corroded at
1 bar suggest at least two relaxation ‘Processes. The first
appears in the same frequencies domain &s for specimens
corroded at 300 ber , and is due to the adsorption-
desorption resactions on oxide or chloride copper
compounds .the second suggests the formation of hydrated.
compounds such as hydroxycarbonates, hydroxysulfstes with
greater passivating power (15).

_ The increase of the corrosion rate of the alloys with
increasing pressure is probably linked to the different
natures of the corrosion layers, that slso seex to enhance
the partial dissolution of copper, as nhpv: fig.8 and
affect the alloy dissolution mechanism. It is also linked
to the kinetic of the partial dissolution of the alloying
elements (Al or Zn). The pressure increase can influence
the solubility rate of these elements (fig.8), that
displays the amount of Al and In at diffsrent pressures.
The incrense of Al solubility with increasing pressure may
be explained by the dealloying wmechanism proposed by Kerr
and Pryor (16) accoerding to which the selective dissolutien
of the most active element (Al) takes place until this
slement reaches the potentisl value of the most passive
slement (Cu). The incresse of Cu dissolution also enhances
the Al dissolution, as confirmed by fig.8 and by denlloying
of alloy I (fig.9). The factor I of this figure is
describad by the relationship :

Z * (Alawp/Clmnp) X {(Cux/Alx)

where : = Aluup,(ClUmun) * total amount of oxidated
Al,(Cu), experimently determined.
~ Cux.({Alx) = Average percentage of Cu,(Al) in
the alloy.

It is less obvious to explain the behaviour of alloy 2
becsuse & preferential copper dissclution takes place, with
increasing pressure (fig.®).

The potentis}l equilibrium velues of pure elemants
(about =~200 mV/AgAgCl for Cu and -800 avViAgAgCl for Inm)
suggest & preferential dissolution of In, avoided by the
presence of Sn as confirmed by the deslloying factor value
of 2x1, at atmospheric pressure.

With incresasing pressure the amount of Cu oxidntcd
increases while the Zn amount remsins unchanged (fig.8).
This can be explained only by the formation at high
pressure of less hydrated corrosion products, with lattice
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di-onnioﬁt‘uoro ﬁi-il;r’to metallic Zn, ih‘t can therefore
inhibits its dissolution.

- Exporinontc in ronovcd -and quiescent sés vater show a
good ;grnwncnt in. spite ‘of dtffarcnt prosuro txnos {144 h
and 720 hy. | oo

~ The avi
alloy 2

‘corrosion rate: or alloy 1. (Cu-Al) and
©increase with incressing hydrostatic
pressure, the odic process of the 1 and both anodic and
cathodic processes . of alloy 2-being enhanced.

~ The : in&rcuco of alloys corrodibility seems to be
tinked Lo ‘the less. hydrutud nuturo of corrosion products

formed at high pressure.
- A ioalloytna ftctor Z has b.on calcuiatod to vority a

alloying olt-o( % ‘takes place. For alloy 1, Z is >1 in the
whole pressure range and incresses v:th increasing
préssure. For the alloy 2, Z f{e <1 at stmospheric pressure
and »1 &t 160 and 300  bar, thus revealing a copper
preferanticl dissolution at high pressures.

CAPTIONS QF TABLES

1 ~ B, Ba, flawrr, Ra™*, Re values from polarisstion curves
in quiescent ses n;tor {144 h exposure).

~ Ba; By, lawer, Re™*, Ra values from polarisstion curves

in reneved sea vctqr {144 h exposure).

Comparison betwesn iwer~ values from velgth lass and

polarization curvot.

Bu, Be, imwmr, Re™*, Ra values from polerisstion curves

in reneved sea vntor {720 h exposure).

- Corrosion products (sug.cm™¥) of specimens exposed in
renewad sea water (720 h sxposure).

- Corrosion products (ug.cm™2) of specimens exposed in

) quiescent sea wvater (144 h exposurel.

- Corroaion productc X ray dtffracto-ntric antlynin.

w w»
'

t

E

Specimens axposure in renewved ses water apparstus.

Weight losses valuas in ronav.d and qutoccont sen

water.,

- Polarization curvos of ulloy 1 1n rcnovod sea water at
1, 150 and %00 bar.

-~ Polarizetion gcurves of alloy 2 in rcnovod sea v;tor at
1, 180 and 300 bar.

- Corrclxon productc waight and Cu samount in reneved and
quiescént xes water at different pressures.

- Inpadnnce spectra of ulloy 1 at 1 and 300 bar.

A

~ W N
]

P

© & NON Aw
'

7 - !npodnnco spactra of alloy 2 at 1 nnd 300 bnr.

8 -~ Cu, Al and Zn Oxidated amount at various pressures.

9 - Deslloying factor Z as a runctxon of hydrostatic
pressures.
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“ALloy]

:? 8a .| Bec icorr Ecorre Rp-1 Rp
. bar |wV/dec{mV/dec| mA/m? mV wsA/Vm2] Kitcm?
1] se.0 | -174 | 15.6 | -203 830 | 12.00
1 150§ 27.0 | -307 | 18.0 -89 1430 | 6.93
360 | 22.0 | <270 | 19.0 -100 | 2182 4.65
| . 1566 70| 9.& | -23¢ | 630 | 14.49
2 -150 §6.6 66 | 15.1 | -230 1142 8.76
. '300.| 25.3 =50 | 17.3° | -225 2372 4.21
Table 1'- Ba, ¢, acorr, Rp-1, Rp values from polarisation
curves in quiescent sea water (144 h exposure).
Alloy] ‘P | 8a ac tcerr | Ecors Rp~1 Rp
. bar [mV/dec{mV/dec| mA/m? aVv - mAIVal] Kficm?
] 1l eas | -208 | 19.4. | -207 | 933 10.7
1 180 R . . X
300 |-
1] s2.8 | =100 | 17.7 | ~209 | 1027 N
2 -150 ' o .
] 380

Table 2 - Ba, B¢, icorr. Rp-1. Rp valuss from polarisation:
curves in reneved sea water (144 h exposure).

Alloy | P icerr from *
] bar polar { W.L
1 |is.e {17 Table 3 - Comparison betwveen
1 150 16.6 | '17.8 | { o values from weigth loss
o] 3ee 13.8 | 20.6 | ond polsrization curves. -
1 |e.4] w2
2 150 | 15,1 ] 11.7
300 17.3 lt,s
Alloy] P ‘@n -1 8¢ icorr | Ecorr Rp-1 | Rp
bar |mVidec|aVidec| mA/mi nV »A/Val] Kfica?
1 |7s.0] -ea| 2.1 | -2a 133 75.2
1 150 87.% | -€8 2.1 -222 185 $4.5
300 | 52.8 -71 26.1 ~214 1829 5.8
1| s6.0 | -210 | 3.6 | -213 145 66.7
2 150 40.8 -74 4.2 -250 . 379 26.3
300} 43.3 -32 5.9 -224 737 13.6

T;ble 4‘- Bt;Aﬂc;'icorr. Rp-1. Rp values from polaris#tion
- in reneved sea water (720 h exposure).

3

curves

Alloy | Bs ‘<Qc‘ icorr . Ecorrv aﬁ-g " Rp
| bar |mVidec|mVidec| mA/m? ny -mA/Ve2| Knn?
1| se.o | -17¢ ~203 830 | 12.00
1 150 | 27.0 | -307 -69 1430 €.99
300 | 22.0 | -270 ~100 2152 4.85
1 ]| 56,8 ~70 ~234 - 880 14.49
2 150 | $6.6 -88 -230 1142 8.76
: 300 25.3 -850 -228 2372 4.21
Table 1 - Ba, B¢, icorr, Rp-i, Rp values from polarisation
curves in gquiescent sea water (144 h exposure).
Alley P Ga B¢ icorr Ecorr Rp~-1 Rp
bar |[m¥/deciaVidec] mA/a2 - Y mA/Vai] KOm2
1| €2.5 | -208 | 19.4 | -207 213 1.07
1 150 i : . o
300', ) )
O IR 8 62.5 ~108 ~209 1027 0.97
2 150 i
- 300
" Table 2 - @i, B¢, icorr, Rp-1, Rp values from polarisation
curves in ronovo¢ sea water (l§4 h exposure).
Atloy | P icorr from
C bar polar w.L
1 ] 1s.8 | 17,1
1 150 16.0 | 17.8 Table 3 ~ Comparisen between
300 19.0 | 20.8 iewr~ Valuss from veigth less.
1 T e.4 .3 1 and polarization curves.
2 150 15.1 11.7
3ge 17.3 | 18.5
Alloy P Ba Bc icorr | Ecorr ﬁpvi Rp
bar [mV/dec|aV/dec| mA/a? | =V alh/Val| Kim?
. 1] 7s.0 -68 ~-241 133 7.82
1 150 87.5 ~68 ~223 . 158 6.45
300 52.8 -71 ~214 1829 6.46
1| 860 | ~210 -213 145 .87
2 150 40.8 -74 ~250 are 2.63
300 43.23 -32 -~224 737 13.68 -
Table 4 - Ga, Bc. icorr, Rp-1. Rp values from polarisation
curves in reneved ses water (720 h exposurel},
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Alloy 1 : : Alloy 2

0.5 : ,
[y B bar 1 150 300 1 - 150 | 300"
Cut | 8.35 2.95 2.95 | 17.86 | 12.25 6.80
P Cuse |- 9.62 | s.49 | «.10 | 357 | 3.0 z.00

Alese | 1,858 | 0.22 ] 1.20

: Hge+ 1.26 | 1.10 | .40 | <<=- | 0,00 | o.05
‘ Case : § v '
Znes 1.11 | o.47 | o.20
sn>2+ . 0.87 | 2.80 | ~eeee
ci- 0.04 | e=mee | ==e== | 358 | 0.08 | 1.20
‘ 5042~ V.15 | = | cemem

. cosz- | ----- | 6.20 | 0.38 | ---—~ | 0.20 | ~0.20

Figure 5§ =~ COrrasion products voiqht and CU smount. in
ronovod and quiﬂ:cont ‘ses water. -~===-- Cu* + Cu™*,
Cu* + Cu™ + Al (of In) )

Table 6 - Corrosion products (pg.ci-l) o!'cpccinona<oxpocod
in quiescent sea water (144 h expaosure).

Alleyl P Compounds identified

_ Alloy 1. Alloy 2. | bar .
Prar) ¢ 180 0.1 ¢ 150 200 T ' ‘ 1 | cuCl, CuO, Cu20, CuSO4.5H20, CuCO3.Cu(OHIZ,
cus. | s7.02 | 52.00 | 7.30 | 13.40 | 20.00 | z.00 ' HgSALICO3(OH)16.4H20, Al(OHIS
o | 200 ‘ y : o 1 150 | CuCl, CuO, Cu20, AJOCOHY
Cuee | 15.51 | 27.00 | 54.10 {200.00 | 66.00 | 35.60 HoGAl 2009 {0) 16, 4H20
Alves | 4.58 | 6.20 | 2.50 | - --- . 300 | cucl. cuo. cuzo
Mgee | 6.87 | 11.40 | 23.70 | 11.40 1.20 | 3.20 '

cave | mommw | mmeee | 250 | ooem | ceeem | Lm0 1 | cuct, cuo, cu20, Cus04.5H20, CuCO3.CucOH)2

Inss | mmma- 1.64 | t.70 | 0.80 ‘ -2 | 150 | cuci. ¢uo, Cu20, CusO4.5H20

Sn>2+ . . i ‘ ' N

ct- | 20.93 | s0.00 [ &.52 | 20.10 | 24.00 | 1.50 300 [ ne compounds

$042- | 13.30 | 27.00 | .90 | 25.0 | S.4 | 1.0 Table 7 ~ Corrosion products X ray diffractometric analysis.
co32- | «.s0.| 5.50 | == | 6.5 | 3.0 | -----

Table § = Corrosion produétc (pug.cm-2) of specimens exposed
in reneved sea water (720 h exposure). . , !




=1

PO

0.24

0. 14

~ |-z taca 2x100} "~ [-oaz iz 2x100)
500 500} "
400 a0}
| 300{ 200} -
: ~ o
2004 + +. 2004
» + o+ ‘ :
1001 #4*0.1 R R E . ‘t 301
°£!f V ReZ tnca"2x300) |- | . ReZbuow” 21100}
o 1o 00 400 500 600/ tOoabcaboﬁoséosoo

Figure 8 ~ Iapedance spectra of u-wy‘ §: at 1 and 300 bar.

5% 100

150 200 250 bt X0

o
[ ——

ngro 8 - Cu, Al and ZIn oxid

ated tot.u o-ount. miouant

sea vater, 144 h,~=#-~+ Cu,~mx~~% A} or In, Mloy 1,
- wew—e- Alloy 2.
. ’
. 25y
‘Ieo, - : 1e0e : mgica"2 “
. NS TVC R Tz caa’ e
S0 so o 201 e
”" “ . - . "‘,.v"."’
i m e
‘ 1, 54-remmmmmmm s i '
0+ 04 : :
20t 0 oi 2 N
+ + " R R S S S
3 + + 4 . 5 S e Y
1" o1 | 0 by ,,‘,, osl o
‘ peatecnd) R ey fesy T *
ek fo ifo N R - v ?o F % _
, — _ ) — 8.0 - ; ' I { <
Figure 7 ~ Impedance spectra of slloy 2 at 1 and 300 bar. { 50 100 150 200 250 bar 300
’ B ) : ) : SR ' ' Figure § ~ Dealloying factor Z ss a function of hydrostatic
’ ‘ ) ’ pressurss. --+--+ Alloy 1, --s--m Alloy 2.

Z = (Alunup OF Zlmum?{CUmnm X Cux/{Alx or Znx)

~



CHARACTERIZATION OF CONDENSER TUBES COATINGS
. BV ELECTROCREHICAL IIPEDANCE

DR

A. Colubo G. Rocchini EHEL/!JSR-CRTN Hﬂmc. Italy
P, Spine‘lH Politccnice di Torino, Italy

Aasmcr

Lanq tera tutinq to evaluate the prot.ectivc effactiveness of

erganic coatings of coridenser tubes has been performed on aluminium

brass, CuONil0 and Cu70Mi30 in a circulating loop using a 3.5% sedium

" chloride. solutien. Surface characterizatien was obtained by means of

impedance moasuroments. The rasults indicated that the electrical
capacity 1s'a geod parameter for evaluating the effectiveness of the
coating. A discussfon on the iaurpnutim of inp«kncc ‘data for
practical :ystm u uportcd

- INTRODUCT TN

Corrosicn pnvem:ion of copper alloys tubes of thermal and nuclear

pawer plmts condensers and ‘of heat exchangers opcratcd An sea water,
may be obtained both by the tédition of inhibitors to the opcnting
fluid and by 1nt¢ma] cutim of the tubes.

“In tln first case the cocling l‘lqu{d is treated by addition with aA

ferreus salt (1) er by dissolution of fron mdes {2), anotber possibi-

Mty is given by the Mmthm of corrosion 1nhlb1tors such as benzo-
; triazole {3). In both mcs tho scm 15 to ebtain & compact film on.

the 4nternal surfece of the tubc 30 that & barrier is - formed between
the metal and - the aggressiv: envirenment, nhich in turn nould not
reduce heat transfer ‘

The addition of ftrrous salts to the cooling uater is very common
1n pmr plmts Experionce showed that a more compact film can be

- obtained by means of “Taprogge system. The principal drawback Mnch
is encountered when inhibitors are emp'loyed is due to the fact that .

normally the protective fuhn is not completely coupact over the whole
surface, thus favouring the possible formation of localized attacks.

In the second case the protective action consists in applymg an
organic product on the tube sarface which allows a very good electrical
insulation between the base -etat and the cooling fluid. It 1s knm'
that an organic ceating protects th the undtrlying metal basicﬂly
behaving as a barrier against water, oxygen, and ions.‘ln some casos“
the coating serves as an fnhibitor source, thus {mgroving 1t,s protccti-
ve effectiveness. Protection of such barrier is onlunccd by increasing
the coating thickness and b,y the addition of pigments and cdditivn“

_which lengthen the diffusicn path for water and oxygen. However, the

use of organic coatings does not completely elimimate corroslon phcao'-?j L
mena  and uutines it only represents a temporary remedy with the :
possibility of potential corrosion .problems.

The - most comson under coating forms of corrosion are: bl‘i‘:to'r‘in’, V
early rusting, flash rusting, ancdic undermining, filifers “carrosien,
cathodic delamination. Another dramback of coatings which may be
relatsd to corrosion is the lack of adhesion. ’

Internal coatings are generally prcfcnbhv compared to  the
treatment of the cooling fluld because in principle they allow -oro »
controlled surface films with a very low porosity. From an ccmiul
point of view an advantaga of organic coating, romct to ferrous salt
or inhib‘ltors addition, is that the cuting may be associatad with ‘lcss
ncbla -etals. at least for heat exchangers, thus obtainiag a saving of
resources and decreased costs for subsidiary p]mts. :

Due to the remarkable industrial interest of the organic coatinss ‘
and slso to the presence of srosfen-corresion ﬂm on the internal
surface of the tubes in & small region ef the condenser of some ENEL
plants, seme coated tubes were eperated (5) in order to evaluate thi ’
behaviour of comsercial preducts and their sffectiveness in preventisg
such . problems. That preliminary investigation shewed the rise of
specific problems of protective coatings ‘ou‘tﬂ/md above. Thus 3
research prograi was initiated with the aim of characterizing, the

porosity of commercial products for coating and develiping an -

electrochemical technique for on-line monitoring of the effectiveness
of the coating.
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“Oue “to the " high -electric resistance value of a good organic
coating, we -chgose to employ a.c. techniques. $o it is possible te
investfgate the' hehaviuur‘ of the mta]-cogtingnso]qfim interphase. and
to. estiim‘.e the protection effactivcness of the coating by employing
the mthmticql technique ef equivalent circuit simulation. It sust be
nottd 'that a.e. t@hﬁhms. though less known than the methods based on

{on=resistance (6], are ﬂ!cmnt-ring wide spread appllcations
for this ind of problens. p;rticuhrly in the case of passivn films
M and mmaian thitors bhoth for {ren hase materials (3) and for
cawcr llhxs (9), A cwnhomm review of msﬂ\‘lo application of
c'c}.‘_ technims u tho Nnitwiug of corrnaion neeosus is givcn in
(10},

© EXPERIMENTAL
Gemn\ rmrks
In’ the prcsmt work the bthuiour of three coppcr alioys. aluniniuu

brass, cupronickel 90/10. and cupronickel 70/30 was. investigated. Thess
alloys are normally: wloyed in the condensers coo'lcd with sea water of

- ENEL thermal power plants.

All- tl}e ~examined specimens were obtained from condmmr tubcs
stock. The internal diameter of the tubes was 19 s and the _thickness
vas 2 u. : .

The ‘coating lns been carried out by SKCAPHEN uith Corrodex 7156.
This product was: chesen both bocwso it was previonﬂy mHed to a
small. nuwber ef cendenser tubcs of unit 4 of the Fusina power plant,
and for - its availability in Italy. The product was wmanually applied
because the specimens length (55 mm) did‘uot allow the use of automatic
precess dcvo!cped by SECAP“SM for plmt application when the whole tube
lenqth is concerned. -

The coating, the average: thickness of which is 200 ,m, gmn‘lly
did not present nicroporqsity leading to the formation of prcferantial
. paths.

" Tiwo- ser1es of tests have been carried out under the following

onenting conditions: The elcctrolytg was 2 3.5 wt% NaCl solution, the
temperature was 35 °C and the flow rate was 1 m/s in all the three

branches of the loop. The first series of tes;’.s gave rise to some .
difficulties relating to coating deposition, uhich was 1imited to the e
internal surface of the tube and to the two bases. Ouring cell
assembly, the non perfect adherence of the organic ‘product to the base,

caused in some cases local detact-tht of the caa‘tiuﬁ. Th{s as ﬂr’-stlyq

frqued by the comparison of the different a.c. responses ad it was -

subscquently confirmed by visual inspection uhid\ clearly 1ndicatad
that the responses close to those of an {deal capacitor cornspondad to
the wundamaged specimens, whereas marked shifts from such behaviouwr
referred to specimens the mting of which lud b«n nchufotﬁy :
damaged during meunting. '

“After realizing thgt ‘coating of the tube bases was rather critical,

. wa tried to eliminate problems coming from mounting hy partially

extending the coating te the cxurml surface for about 1 cm, in order
to assure a continuity of the film. These Kind of specimens were
wmployed {in the second series of tests. As a result we eliminated. the
dramback of electrical ceupling ef the intermal and external surface ef
the tube caused by non perfect sealing of the cell, This is by nc means
a ainor problem because in the case of long term tests & mechanical

settling of the cells may eccur with the possibility of electrolyte
solution leakage, even if at the beginning the sealing system did net
leak at all. The increase in concentration of the leaked solutien, due
to evaporation, may damage for long exposures the protective coating.
In this work a overhead seal systom was initially wused, which was
changed for the secand series ef tests te lateral surface sealing. This
system has been tested for seme mths proving to be very relisble, in -
fact no leakage was cbserved.

- The effect of oloctric coupling betwaen the internal and external
surface {s roportod fo table 1, which shows how important is the nedd
for a very good electric imsulatien of the external surface of the ‘
specimen when quuititatiu evaluation of the behaviour of the coating
is required. By observing the 4th column in table 1, it can be saen
that' the phase angle is warkedly shifted from the behaviour of an
almost - ideal capacitor which should give -90°. We can also add that
wicrographic examination of internal zone of the tube did not present
any damage and the metal surface did not _undergo any corrosion process.
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Electrochemca? m’easureé;ents

ﬂectrochenicﬂ 1mpedance measurenents were carned out by means of
the EG3G cmutnrized system imﬂuding mod. 173 potentiostat with mod.

276 interfm and md 5206 lock-in amplifier. The potentiostat had

bean ° wﬂ!ﬁed t;v verfom k‘mg distance neasure-ents ‘by the four  wires
tecl’mique act;ording to the unufacturer indlations. This was requind

‘ ‘becauu the comcting cables were about § ®-long.

Al tne pusurenents were carried out under potentiostatic

: configuration as required by md 368 AC software of EGEG, written in

'Pascﬂ" for-- App]e Ile cnpnters. Two varsion of this software were

- enployed the: first one for operation at the maximimun frequency of 100
. kHz, the. second one at 'ohe maximm ferquency of 20 kHz.

: Generally ‘the frequency rvange {20, S] kHz was  used. The slaml

akglitude (~ 4 ) vas: fixed before the tests. for all the frequencies.
- This was mceswry becau:e for the above desr.ribod equipment 1t s not

poss‘lb]c to change by soft«are the output level of the oscillator
signal. Sm tests were perforsed stnrting from the upper frequency of

» 60 kﬂz. Sm othcr tests were vun at the Tower frequency of 10 Hz.
“These tuts pointed out. that the conputerized :ysten properly operates

down to the lower frequency of 300 Hz. Below this value the increase in
the 1upedmce aodulu: dnstiul'ly redms the current flouing through
the syste-. bringing up some difficulties in the measurement probably
due to non eptimum selection of the potentiostat current rangs. This
has been \(er‘ifie& :by employing the Frequency Response Analyser
Solartron mod. 1152 and by varying the current range. The best results
were obtained uhen the measurements were performed starting from the 1

A range. This fact ind{cntes that the above outlined problems, which
- must  be seripuslx taken into account for a correct interpretation of

the experimental data, are only ,ep;iarent and must be reported to the
non :.;Fecifh:ityj of the available software which has been developed for
general use. Moreover such software does not allow an effective
organizat!on of . the _experimental data files and their subsequent
efﬂcient nmrica] processing. For these reasons, we decided to
develop a scftuare mre adequate to our experimental conditions, parti-
cularly with the aim of a more efficient data organization.

In the first series of tests some impedance measurements in the
range [11, .1] Hz were carried out by means of the Fast Fourfer
Transform (FFT} technique as impleuented in EGAG mod 368 AC software
The results were not very encouraging because the real part 9f the
fmpedance, in contrast with {ts physical nuning. casdal]y took
negative values, as shown in table 2. This could be attribuud to the
very low value of thc e!ectric current (less than 1 M) and to the
nusierical  processing of the responao. However, this kind Vc;f
weasurements glves usefu) 1nforution on f.he d.c. nsisuncc .of the
coating.” For the EGLE system the FFT teclmique nploys ad.c. voltage ’

- within the range ([-10, 10} aV and carries out the analysis of the

current I(t), due to the fact that the appliad vo]tage is the sum pf
fixed number of alternating sﬁgmls having selected - fmmnchs. GOne
fact to be pointed out tn our experiments is that ﬁt 1: practically
impossible to polarize the sample at the corrosioa potenthl becmu
this potentiﬂ is not mn defined.

m circulating Toop

Every cell, fig, 1, holds five specimens of the nle uterhl and a
saturated calome] reference electrode. In the present work two of the
five specimens were coated. The intermal surface sf the uncoated
specimens has been mechanically polished up to n. 200 emery ' paper
before the tests. The uncoated samples at the two ends af the cell were
connected - to fimprove the current density distribution, and ware
employed as counterelectrode. The third wncoated specipen was used for
evaluating the protective effectiveness of the organic coating. ‘

.The circulating loop in polipropilene is 1llustrated in fig. 2. It
incorporates three parallel branches, a by-pass, a b(,np. Some uubrm
and on~off valves. We chose & magnetically driven pump to sliiinau the
sealing probjm. The pump capacity was 10 u3/h with a dynamic head of
7.5 m. It allows a maximum flow rate of 3 m/s on the three branches.

An external thermostat - having a volume of 30 1 served for
tenperature control through a glass heat exchanger. Under these
conditions we could eliminate the heat generated by the pump ello‘vﬁaa a
minimum operating tenpereture of 30 °C. At the highest point of the
toop a resistivity level control was inserted for protecting the entire
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system. Flow-meters. on every branch indicated the flow rate, which
required a very Jow degree of adjustment over the time. ’

 INTERPHASE A{-:LECTRIC souxmm o :

lt 1s knm that the' chauctorintion of the behwtour of the
coating and therefore the 1nterpntat10n of the cxperinntﬂ Tesults .

require » lchentiutjon of the netﬂicoatinc/ﬂoctrolm interphase

for t;king into account the response ‘t0 & sine wave modulation of. the
slectrode voltage. To this aim & m-bcr of models have been proposed in ‘

the Viterature - {11), which should account for the . ‘slectrochemical
-mechanism of the corrosion’ pmcss. Particularly, for a protécti*n
mting or for a passive layer, by considering that these films  always
present -a certain ai;roporosity. 1t should seen & good approach the
Vine-transmission mode] based -on a continous distribution of the
- parameters. However, . in the present .case, on - the basis of
considerations regarding thc thickness value of. the coating.
wmicroscopic examination of the specimens, and the results of the

ikpedance - measurements,’ . we chose ‘the electric equivalent circuit .
- reported in fig, 3, The. impedance Z of the dipole showm in fig. 3 s

composed of three oluents. Rs (electrolyto resistance), C (capacitance
of the coating), and R {leak resistance). The leak resistance R
accounts for the fact that bn»m-cle;tricn basis, the capacitor ¢
exhibits a phase value slightly different from the ideal -90+ value,

Al the measurements concerning specimens without electric coup]ing

between the internal and extarnal surface, gave phase values very close’

to -g0e. It is so very difﬂclﬂt to state if the slight difference from
the ideal trend corresponds to a real behlviour of the electrochemical
system or must be attributed to some measurement orrors. -However, we
can afﬂm that such situation does not depend on the non simultaneous

recording of the ‘cur.rent and voltage s1}gnﬂs. because the,

electrochemical system does not undergo any change on polarization .in
‘tha absence of corrosive processes as previously outlined.

We can say. qualitatively, also on the base of some d.c. -

Measurements which evidenced the extremely low value of the current

) density in spite of the high polarization vaIue of the order of 1 V,

that the higher 1is the leak resistance wvalue the wost satisfying

' results the coating behaviour. This point is confirmed by the fact that

it is not possible to determine a unique open circuit slectrode
potential {n the absence of clectrolyti leakage. In fact a high

* porosity value favours due to the fomtion of preferential paths, an

extended contact betwaen the base wetal Sand, the ohctrolytc ‘solution,

‘thus  fincreasing - the contribution of ‘the bare metal to thy overali

impedance. Under these conditions a dgfiqtd ‘value of the open circult
potential is obtained. The fmpossibility of measuring the open ci»rc‘uit ‘
potential for coated specimens does mnot consent to employ

interrupter method for wﬂunting tha diffonnti&l cuacitlnco of . thc

1nterpb&se.

Such a sitcation can be physically upromtfd ‘hy two real parallel
capacitors (12}. In fact the bare matal is charscterized by a very low

" value of the transfer resistance {13). lﬂmx the coating  porosity is -

such that no mfermthl path is formed or when the extent .af surface
porosity is negligible respact to the total surface, it 1s byﬁm neans
an easy task to reveal the presence of defects by means of impedance

- measurements only, because they contain a global: respanse of .- the

system, »

It s our opinfon that quantitative evalustion requires the
definition of some. standards at different degres of porosity to be able
to indicate an electric equivalent of the electrochemical . systen for
best fitting of sxperimental data. We are also convinced .that the
sinple electric scheme of fig. 3 is very useful for the practical need

. of defining a non uabiguous parmtcr for dunctor‘lzing tho protcctivc

coating.

RESULTS AND DISCUSSION

A typical trend of the 2'=2'(-2") curves, Z' being the real part
and Z" the imaginary part of the impedance Z, concerning the thres
different materials Albrass, cupronickel 90710, and cuprénfckol 70/34,
is reported in fig. 4 which shows the Nyquist didgram on the * Argand
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plane Z’ -Z' Tb%s ngre indlcates that 1n the frequency range [20 5]
kHz _the. real pari of the impedance - can: be reasonably considered

constmth; This means. - that the gle:tric current: is compietely fon-

fandaig conﬁnﬁng the nlidity of the circuit reported-in fig. 3

Horoo‘m tht .very- lw valucs of the tunsfur rcsistance for the three

uncoat«i ut«rins suggest ‘the correctness of thc model ‘chosen for
coated mctnns. This. fact can be discussed on the basis of what

‘ puvimly rcpm'ted on the presence of dofects related to the porosity
_of the coating. We. can tbcrcfore accept thc gcmrﬂ oburntion that at
“high fr«ucndes noe clcctrochuical process can be acuvatcd because
- the pracess cannct follow the external loduhtion. ‘
Tho purpose of the leuurumu perfomd on.uncoated specinns was
: to coqurc ‘the: 1ntcrphau capuitanco values in order to evidence the

sffect of the protective coating and-to determine the ohaic drop, which

was obtatned ‘by -the cxtupohtion method (14} as reported in fig. §

ahowinc ‘three of the cwuincd ‘cases. It was cxnriumlly verified, as

" $Wystrated. 1n Tig. 6, that it s not possibh to obtain a good value

of the’ -ohmic drop on the coated: specimens even for frequcncics in the
range (60, 20] kMz. . .

-Curves 1.2 and 3‘1n fig. 7 show tht l'=l‘(-2') trend for the thres
coated  specimens and- nfcr to- -usurmnts taken in tho second serfes
of tests after 30 days of loop: opcntion :

- Fig.-8 illustrates the difference batween the behwiour of a spoc1~
man v{itl{q no coupling of internal and external surface, curve 1, and the

behaviour:of a specimen on which such coupling occurred, curve 2.

An exasple 'of the evaluation of the interphase capacity by the

B _kutrap‘olgt.idn 'uthod. in the case of a coated sucipa. ts lustrated

1n fig. 9. for um:ot‘ttd' spéduns the capacity has been evaluated by
solving for svery frequenctes the two simultaneous mmtions given hy
the real ;nd isaginary. part of. tho jmpedance.

figs. 10, 11, 12 compare the trend of the capadty values with t!ne
for coated and uncoated specimens, :

Lastly figs 13, M4, 15 report the values of the leak resistance -
- and of the transfer resistance as a function of time.

It is of sowe interest to note t:hat a lower value of the leak

resistance. does not reflect an imortant change of the capacity This

‘means that though the electric coupling with’ the external sur‘face‘t
modifies both real and maginary part of the impedaace does not change'
the capacity value. :

This is a very important result becwso ﬂ: indicates. thlt the

interphase capacity can be considcnd as a good parauhr - for

characterizing the effectiveness of the mting. fFrom an cloctrical
point of view, the previous finding can ba explained by considoring ‘
that non-faradaic current of the. region subjecud to slectric coupling

is negligible respect to the non-faradaic currest of the whole surface, V
Under these circumstances the behavicur normally results in a slight
increase of the phaso angle.

From the - above discussion we can say that the walmtlon of thc .
protective effectiveness of a coating may be far from ‘real situation if
it s based on the module of the impedance or on the phase angle only.

Inspection of figs. 10, 11, and 12 reveals the important diference

" between the capacity values of a bare and of a coated specisen,

indicating that possible experimental errors do mot significantly alter
the above picture. It 1s also evident that a gradual weakening of tln
protective effectiveness of the coating causes an increase - of . the
capacity value. :

The above coasideution are a furthcr point in favour of the chofce ‘
of capacﬂ:y as a physicn parameter for chanctorixing the wmce
coating.

CONCLUSION

Analysis of the overall experimental results indicates that for -
large thickness coatings, a. ¢, impedance techniques consent a cﬂrnct )
evaluation of the protective ‘effactiveness of the surface film. -

The high value of the real part of the impedance at tow frequencies .
lmits the use of d.c. techniques as indicated by FFT tests. On the
other hand for low thickness coatings, a.c. techniques, made on the
basis of a more complex interphase scheme, allow the assumption of a
certain number of parameters which are useful to differentiate the
coating behaviour and to make some quantitative classification.
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Frequency .{Hz) | 2' (ohm} -2* (ohm} phase angle *
5020 6137 7344 -50.1 "
5646 5688 69322 - =50.6
6320 5261 6530 . =51,1
7100 4865 6150  -51.7
7960 - 4498 5794 ~$2.2
8930 4150 5447 -$2.7 .

10000 3799 5090 ~53.3
11200 472 4802 - -54.1
12600 3197 4470 - -54.4
14200 2910 4190 -55.2
15300 2630 W ~56.3
- 17800 2320 3068 -59.0
20000 2052 3556 -60.0 -
Table 1. z' 2* and ‘phase angle values for a OQITONI30

axternal surface occm:r.d

coated specimen on which eloctr;c mupu.m with the

Frequency (Hx) zt (Nchm) ~2* {Mohm)
0.1001 -38.33 250,60
0.3003 -§.72 38.30
0.5005 6.30 20.30
0.7007 1.82 21.62
10.900% . 16.46 17.13

. 1.1010 -4.66 22.30
1.3010 -1.7i 3.10
1,501 3.69 8.06
1.7020 1.01 9.08 -
2.1020 1.78 .23

®able 2. Results of m Wu on & eoltod
Alhrun specimen.
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OXYGE! BBDUCTI‘)I UK 'PLSSIVE" lEﬂLS HB &LLDYS
- Il SELUMER EPFBCT oF BIOFILI
Bagnar Holthe Per Oiav Gsrtland anﬁ E.inar Bardal
’ ‘l'be Camsion Centte. SINTEF :
' 703& medho!- llow

The oxygen reduction rate on passive metals and alloys in dea water is strongly
enhanced due tb a eaulyti.c Q!‘fbét of the biofils that forms on every substrate
material nuued in sea water. Theé effect of the biofilw and its dependence
of sea uur flow rate. and temperature is reviewed and some new results is
sdded. - The pH at thesurfmofnninlu- :tealhubemuuur«! at free
cormiou potential lnd durina cat.bodic polsrization. The Illilul pH of 9.5
was . reached ntnmimcnrmtduuitycfuraboutzmotmm At
free corrosion there vere no pH chm at the mtace. A tentative lodel
based on uperimtal obumumu that explain the time dependence of the
cathodic praperties of passive metals and slloys in seunter is pmmtod The
nodel describes how the oxygen reduction rate. increases dus to the formation of
super state lictoc;thod« wit.h 'Y stmntly enhanced exchmne current for the
oxygen noductiou nmttm. )

" INTRODUCTION

It has been pointed out that natural seawater is more cormive than aynthetic
sea water. /1-2/ Conoeming stainless steels it is agreed upon by several
research groups ‘that thiz increased corrosivity of natural seswater is dus to
the build up of & microbial slime layer or biofilm that forms on nearly every
subgtrate material /1, 3, 20/, The biofilm formation leads to an ennchlement of
the free corrosion potentisl and an increased cathodic efficfency that is quite
similar son 8 wide range of passive metals and ‘alloys in seswater. The
enhancemen: of the free corrouion potential gives an increased tendency to
crevice corrosion injtiation on stainless- st,eels. and the increased cathodic
efficiency leads to high crevice corrosion rates experienced for activated
crevices for a conventional stainless steel {AISI 316L) J4/. Furthersore it
xiv§s increased galvanic corrosion rates on less noble materials coupled

AR RTINS PN PRI .- Pz . : : -
FATTVLTE CE e dEr ey N ninters £ ls Bionidmens pioy vt aniv s d sar st cead 2
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In pteviaus reported tests /3-5/ the catalytié effect of the biofils has shown
to be only little dependent on the amount of light and surface rdughness, 8
little more dependent on the depth of seawater inlet and the seawater velocity
and finally very dependent on the aeawa:er’tupenmre.

In the present paper the effect of flow rate and temperature are reviewed and -
sose new data added. On the basis of previocusly reported tests snd sowe recent
results presented herein, a tentative model that explains the time dependence
of the cathodic proporties o!’ ‘pansive -m' and ciloys in. seawater 1is

discussed.

EXPERIMENTAL

Experizental conditions

The emqa‘er‘inenut were Véarrie& out with fresh seswster teken froa depth of 60 -
and the tespersture was 9:2°C. The metals snd alloys studied were an auste-
nitic stainless steel UNS S312254 (Avests 259 SNO), titanfum, 90/10 CuNi and
Platinum. The chemical cospositions are shown in table 1. All specimens were
degreased and rinsed in scetone. The stainless steel speciman (except the
rotating disk sasples) were pickled m & solution cowposed of 17 vol X MOJ and
L] volxm"‘rcrnperiodotzomwﬂmllymmuulum

The experhental _arrangesents in the inmticatiom referred to m lhoun in
the original papers and reports and are not repeated in the premt paper. The
procedure for measurements by  the rotating disk electrode technim.\e and the
surface pH measuresents are given below.

Surface pH measurements

- ¥
The pH near the surface was measured with a flat glass mesbrans sicroelectrode
{Microelectrode Inc., model MI-HO4) mremud to a catuumd calomel electtode'
{SCE} wusing & Radionet;er model pH MB2. The electrode was mounted in a PVC
holder shown in Fig. 1. During the pH messurements the holder that had & legs
(see Fzg. 1) was pleced or pressed onto the stainless steel surfa.ces. that
brought the flat membrane electrode in & well detimed distance from the

surfuce, The sensing flst wembrane was offset 25 ue {* 10 gm due to inhooko~
e DoME g srecpurfaos,  The offeet wes sdjusted by

P PR EME
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viewing the flai ‘\ -embx-‘afxe,. mounted in the - PVC holder, under s microscope

equipped with a caubram& ocular recticle, The: sanplea s/cudied were scainless .

steel UNS 31225‘! sheet ntetial cut ‘to coupcma with ares 12. 5x20 cn® .
. 4 t?

The senples were -ounted in'a fresh sedwater ccntaining WC»call both horison-
ticaliy and vert,ically and the pH wag neasured at surface hot.h at -the up end
down side ‘of “the- horisont‘lly nounced sample, and on the vertically mounted
sample’ to see 1f there were any ett‘ects of the orientation of the suple. The
P et 25 um . was mcorded st 5 diffarent spots uch time when its value
stabilized a!‘m about 1 un at each poaition. :

~ﬁn£atlng digk e’le’ét‘mde leaspré-enta

The rotating disk electrode (RDE} technigue was odgor.d to otug!y the effect of
mass trmbort during cathodic poixtiut&dn of ‘stainless steel and platinux in

seawater. This sethod ensures the uublishmt of unifom and well defined ;

masg tunsfer conditions stross tha' entirc electrode wrl“ca 'nu mass flux J
to the electrode surface is given by: ‘

where C, 15 the bulk concentration end k, is the mass trensfer boafﬁc!en;.
At an RDE under convective diffusion conditions k, is given by 16/:

K s 0.62 v/ 23 L2 (@
wvhere, Vv is the kinemstic viécqsi;y in ica/s. w 1is the rotation rate in
radians/s and D is the diffusion coefficient in cazlu,

The relationship derived for the RDE geometry can be extended to any hydro-
dynesnic configuration, if the cotrespouding dizengionless nuzber reletionships
are known [7/. The correlction between !‘.hl convectivo diffusion conditions et
the RBE and & saooth lt,ruight pipe wall in which l‘ully dcveloped turbulent flow
previds. can be utabuthad trough the mass transfer coefficient. Sancher and

saurr:m 78/ evaluatq; t.his quem;:l.ty l'ro- elpirical mn~dimmslonal relation-

. :hipo and found:

ES »

Sh = 0.00165 Re2:86 - 5c0-33 I

Equation (3} was found to cover Re and Sc numbers of nost situstions encoun~
tered in practice /8/. :

From (1) ar)é ‘('3)‘ a relationship between rotation rate, pipe diameter and flow
velocity can be obtained, i.e. o '

Y \11'72

08 0.2

@~ 7.08 x 10 )

vhers d ia the tube. dieseter v is mn_»'uu. The use of equation () then
allovs the simulation of hydrodynamic conditions for turbulent flow inside »
tubes in service, in & sisple laboratory RDE experiments. ‘

Stainless steel and platinus semples studied were mounted with epoxy resin
shown in Fig. 2. The sasples were prepared with 1000 grit psper and polished
after they had been mounted to the epaxy resin. The rotating disk sssesbly -
smployed was supplied by Thompson Electrochem. LTD (Newcastle upon Tyre, UK).

RESULTS AND D TON

As stated sbove and shown in Fig. 3 the biofilm forsation in seswater on
passive metsls end alloys (stainiess steels, titanium and platinue) lesds to an
enhancesent of the open circuit potential in t!w order mo to 300 mV SCE during
& period of 10-14 days of exposure.

Due to & catalytic effect of the biofilm the cathodic reaction is strongly
stisulated upon weak cathodic polarization. Fig. 4 shows the increase in the
cathodic €D wus &  function of tise at +100 mV SCE for 254 SMO titenius and
platinua. At -300 ¥ SCE in Fig. 5 glatinum is replaced by 90/10 CuNi.  Both
Fig. 4 and 5 shows an increase in the cathodic CD between 1 and 3 orders of
sagnitude for a wide range of metals and alloys. 'n'nV incubation periods for
the increase in potential and cathodic resction rat: are shout the seve. .

In previously reported tests for & series of different stainless steels /3/,
the cathodic properties have shown to be quite independent of alioy cosposi-
tion. Furthermore as shown gbove the biofilm effect are quite similar on a
wide range of materials e.g., titanium, platinue and Ni alloys, '
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As . mentioned above the catalytic effect of the biofilm hias shown to be very .

dependent of the' seawster "temperature. Fig. 6 shows t;ba free ‘corrosion
potential for samples of stainless steel 254 SMO' after. 30"'}8ays of ‘exposute at
diffémnt te‘nperatur‘esﬁnd flow rates. The -rise in poéeﬁtial obse‘rv"ed on
diffetem: materials vanishes et temperatures above 30 c.! The swe tenperat.ur*e
sensiuvity is evident for:the cathodic ¢D on mples polabized to thO n\f SCE
" in nearly sugnant seawater. Fig. 1 shows that there ‘18 na inciease in the CD
at 32% in opposi-tion to seasurements at lower behpemtures 9. 18 and 24°C.
neasure-enu of the CD at pocem:iul -300 aVv at diff'erent mperntum xave ‘the
same results {not: lhoun) Above 30 C the increase in CD was only narginal

Effect of flou_r‘te’ .

The rotsting duk electrode technique wes' adopted to ltudy tha offect of tloe
rate on the biofilm catulysu of the cathodic reaction m seavater.

Fig. 8 shows the -evolution o! €D for samples of ttainleu steel 254 SMo- polari-

zed to -100 wV SCE at different rotstion rstes 0, 1000 and 2000 rps. The o

incub‘uon period for the increase in current is quita mdepandent of rotation
rate up to 1000 rps. The incubation period at 2000 rps is sosewhat increased.

The maxisum CD values at different rotstion rates is l‘eu dependent on the

rotation rate than yield the diffusien limiting current l‘or a fil- free
surface. Fig. 9 shows the maxisus CD as a function ‘of rotation rate for stain-
less steel polarized to -100 mV cospared to the limiting curmt for & fih
free Pt surface st ~-800 mV st different rotation rates.

The RDE wmeasurements shown here sre qualitatively similar to the results

presented for plates in a tubuler flow by Johnsen and Bardal /9/. - The RDE
tests have, however, not been run long enough to observe the marked decrease of
the CD at long times shown in the previous paper /9/.

Fig., 10 shows dynamical polarization curves for platinus samples oxposgd at
+100 aV &t rotation rate 500 rps in 21 days and without any preexposure respec-

" tively..The ‘reduced limiting current for the sample preexposed at +100 compared
to the film free Platinum electrode is poasibl.y due to difrusion resigtance of
the biofila.

In the ‘case of gtainless steel 254 SMO shown in Fig. 11 the situation is mare

complicqbegi. Fig. 11 shows polarization curves for samples of 254 SMO  exposed ~

© . at ~100 wV eand at rt;tation rate 1000 rpa f‘pr 30 days and without any pre~

exposure respectively. The liuitipg current for 254 SMC iz much higher in the
case with the biofilm than without. However, in both cases the iiuitins
current density for 254 SMO is much smaller than thé oxygen diffusion u-icmg
current of the filw free Pt surface at the actual rotation rate. ‘l‘he Cp for
the 25'4 SMO sanple without biofilm is possibly limited by some charge transfer
resistance in the oxide layer. This 18 concluded fros the observation that the
laiting current for stainless steel 254 SMO in the potentiel region -500 te
-800 mv SCE is much less dependent of flow rate than should be expected for a

" mass trampbrt coutmued oxygen ditmnioa limiting current. This is shown in

Fig. 12. Fig. 13 shows the 11nt1n¢ curmt at the sase rotation rates for s Pt
electrode - that Kives mulu in agroement uit.h the oxygen mass trmfer con-
trolled curve shown in Fig. 8.

pH _at the surface dﬁrh_xx rfn_e exposure and cathodic polarizetion

It hes been reported by several suthors that cathodic polarization retards
biofouling at metsl surfaces in séawater by incressing the interfacial pH due
to the oxygen reduction reaction /10-12/, In. the interfacisl aves of &
cathodic polarized surface, the bacteria will experienca a pH nadioai that
will chenge their surface charge, thereby affecting the intersction with the
polarized surface. In addition one interwediate species in the oxygen
reduction reaction is H0, that acts as s biocide /11/.

On the other sidg; different bacteria attached to motal surfaces modifies the
interfacial environment by producing s wide range of different c;idciu e.g.
acids, extracellullar polymers and enzyses. To get information about the
effect of pﬁ with respect to the catalytic effect of the bioﬂlﬂ a series of
experilents has been perforsed. Fig. 14 shows pH as a function of time measured.
at distance 25 ym from t.he surface of stainless lml sample polarired to -100
=V SCE. The pH grows stesdily from the bulk seavater value of 8.iwtos
maximus value of 9.5 after 14 days. The shepe of the pH vs. time curve fits
very well the plot of CD as a function of tin for the seme sample. After
about 14 days the CD reach the limiting current. During the period when the pH
increases there is a significant scattering of pH values over the surface, that
indicates an inhowogenecus current and pH distribution over tha surface. A
stainless steel sample polarized to 100 oV reached a saxisus ph value of 9.2
at maximus current § uA/caz after 3 weeks of exposure. Far nnplel exposed at -
r:'ee corrosion the surface pH {25 um} remained at the bulk semter pll during
the test period of 6 weeks.
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Engell and FOrchhmer /13/ ‘has" calculated ror seawater of’ nomol oxygen concen

tration (8 ppi) ‘that the pH. in’ the boundary layer should rise to ~'10.9 in the
case’ of complete reduction of dinsolved oxygen ditt‘using ‘to a cathodically
polarized surface, Due to: ‘the buff‘ering capacity of aeauater the pH value will

not reach this t.heoretical value. The owerved maximus pH at the surface of 9.5 o
- at mim CD may-be due r.o either: Pmcipitauon of llgOH md CaCO fro- the

seavater at the metal surface /12/; or es will be discuued belw. some pH
liuuum or thc cntalytic activity of the biofilm. Fm the shapes of the two

" curves ahaun “in fig. 14 1t seem lilm that the pH may increase ‘further upon an
"+ incresse in the nxim D which indicates that the p!! is not controlled by

pmipiutian of ulu from the ueauur. ‘

Visucl 1nspecuon of the nuplei ‘after the teu showed that oaly the top side

of samples. mounted horimt.any were covered by daposiu. At the down side or

k at sa-plos nmmud vertically there were no pmipiut.ion of salts visible.
: S!.uhrly the pH at the surfacu at the down side or at the vertically wounted

samples were tignificantly lower than at tha top aide of the horitontally
mnted sasple. The axplanadon to this may be that the biotiln and  bacteria
colonies do utt.lo more ef!‘icieot nt the \:pcida surface nhich givel L hd.gher [+4)
here. -

~ The mechanism

The experiments described sbove show that the biofila formation of different
substrate materials. in seavater more or less strongly affects the cathodic
properties of & udp range of passive metals and slloys 1:\ seawnter. The
actual uchmin of the catalytic action of the biofilm is not known. In the
nuumm there has been put. tomard seversl candidates for a catalytic apacie
e.g. enaymes /1li/, hesvy metal ions /3/ and calcium hydroxide modified by soze
organic  matrix  /15/. Scotto .et al /16/ showed that an enzymatic inhibitor,
sodiua szide, that inhibits the respiratory activity of ‘the bacteria eliminated
the catalytic effect of bio(‘;i-. This supports a machenise mwlvin;'eazmt:lc
biocatalysis, which ;’s described in general by Tarssevie /17/. .

We have wmade some efforts to establish a model that may explain the polariza~
tion prdpertiea of different passive metals snd alloys in seswater. In the
following this tentative mode) will be discussed.

»

v

The dou!mat:lng cathodic reaction in seawater in the por.enual mge +300 down
-800 sV is the oxygen reduction reaction.

-0, *‘2'!'-!*20 + he - 4o"

To make sure that the reaction that is catalysed is t.ha oxygen reduction reac-
tion the effect of removing oxygen from the seawater was investigated. Samples
of stainless steel 254 SMO c.nd pla;im.u: was exposed in seawater at free corro-
sion end polarized to -100 sV SCE for one month at when the experimental cdll
was plugged ‘and the oxygen was removed by purging nitrogen through the cell.
Fig. 15 .shows the oxygen concentration during the first & hours of nitrogen
bubling. After 2% hour the oxygen level in the seawster was sbout 10 ppb. The
D for samples of Pt and stainless steel 254 SNO polerized to -100 #V, during
the nitrogen bubling period are shown in Fig. 16. 'm CD decreases rapidly
wmmmmmmmum«cmumu Pig. 15. After about 6
hours the CD shifts to the anodic direction. In the sase manner the free
corrosion potential for semples preexposed for 30 days drops from 350 oV down
to -500 &V upon-resoving the oxygen from the seaxater, shown in Pig. 17. Supply
of fresh seawatar satursted vl:h oxygen shifted the potential mrl.y instantly

. (Fig. 17} from -500 =WV wp to about - «100 WV, and up to O mV for 254 SMO.

Reacving the oxygen from semwater eliminated the effect of the biofilm and a
new incubation period of 1§ days was nessessry to let the potential increase
above 300 aV and reestsblish the catalytic effect of the biofilsm.

Fig. 18 shows potentiodynamic curves for semples of stainless steel 255 SHO
{the sase effects are observed on other materisls) exposed at tm corrosion
votential E_ . for 10 and 18 days and at +100 sV for 10 acd 14 days respec-
tively. There are only ssall changes of the polarization curves with time for

sasples exposed at E = Egep® Wnen exposed at B<E, ., the polarization

_curve gradually adopts & shape with two limiting current densities of which the

ssaller one incresses with time as shown in Fig. 18. The cbservations shown in
Fig. 18 cen -be interpreted in terds of a two state model, where parts of the
surface is in & norsal activation controlled state and the rest consist of
superstate of microcathodes with a strongly enhanced oxygen reduction exchange
current due to sn inhomogeneous build p of the catalytic biofils, At these
microcathodes the current density will not be sctivation cootrolled but resch a
limiting current density mn at rather positive potentials.

~ The dynuic behaviour of the polarization curves when E < E is then due to

corr

. gradual: chanse in relative areas, going from a dominant normal state to a
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_curves t’or aa-ples exposed it E < E

dominant superstéte.~ An 1nhonoge;\epuspuild,ﬁ;$ of the Sici‘ill is evident from
studies of the biof:{iu by‘opticaljﬁﬁd‘sc‘anning electrun microscopy atydii’fetfent
stages durmg t.he i‘omacion process, Fig. 23-24, ‘n:t'ese'v micrographs will be
discussed in more detail belou. S

'me increase in exchange currenc um:il a lim ting current at ‘the highly effec-
tive llcwcathodes uould account for the obsen'ed shape ot‘ the polarizaticn
 in Fig. 18, shoumg an additional

orr
11-1:1:\5 current m the upper pot.e.ntiu range that increases with ti-e.

Teriﬁntiveiy. one would assume that the liniung current densicy of the lupar-
state vas. due to d:lﬂuxion 1imitations of 0, )

lbue\;er.‘ manlts fm- two 1ndependem; teats lhow that the upper limfting
current, Fig. 18 does not oorrespond to oxygen difl‘usion li-itatiom &t the
uicrocathodu

Firstly, E‘i;; 19 shows ‘dynasic polerizstion curves recorded at different oxygen
concentrations for samples of iuinlm steel 251I ‘S!I)'puyolarized’ to ~100 -mV

. SCE in 14 days iIf the upper Ithcurun: daid cormpondtomoxysen

diﬂ‘usion liniting current at -icroc.thodu. [ reducdon of the btulk oxygen
concentration by 90 % should reduce th:lt limiting curmc by r.he same amount.
As shovm in Fig. 19 the reduction in oxygen . concmtutim xives a ainor
reductton in t.he uppcr limiting current wvhile the mmm; current. in the lower
potential range is reduced by sbout 90 X as it should be. ‘

Secondly, rotating disk u-pus of steel 254 SHO were polarized to -100 mV SCE

in }seauafter at-a constant rotastion rate. The 1nsunc -effect of increasing the
rotation rate weas . tested seversl times during the period of incresse in the
cathodic current {see Fig. 8). If the upper uucm current was an oOxygen
diffusion linitius current at the microcathodes the current st different stages
of the increase period shown in Fig.’ 8 should be quite dependent of the
rotation rate o, No such dependence of the rotation rate wes obuwed. An
increase from 500 rpa up l:o 2000 rpa cwse;d only minor incresse in the current
density (less then 10 %).

A poss;ible lhita;i‘on of the current density could be the pH at the surface. As

discussed above the bacterial activity is reduced at high pH vafues. on the '

other hand, if species like Ca(‘OiiJ are important for the catalytic activity,
as suggested by some authors 15/, a weak alkelinization will be  beneficisl.

From this, one uhould expect that the catalytic activity has a mexisums at some
pH value above the aea\mter pﬂ. as nlustrnted acheaatically in Fig 20.

Such a pH dependence can explain the observed lilicing current density at the
highest potentials 'as follows. When the specimen has been polarized to -100 aV
S(_:Ei for - some days, there will be a certain fraction of the ares in the super-
state, with a high exchmse éurr’ent dengity io’ This value of io is, hcméver.
8 function of the pH, when pH becomes very high (> 9.5) the value of io is much

'reduéed. Upon dynamic stepwise polarization frow ~100 mV SCE and downwards,

one would expect the current density to increass going along the nct:i,vatioﬁ'
controlled c¢urve marked (1) in figure 21, An imcrease of the current density,

- however, leads to an increase of the pH at the surface which tends to réduce

the 1 . So fnstesd of sliding down & single sctivation controlled polarization
curve like (1) in figure 21, the stepwise polarization jusps from one curve
with 1«1 = to snother curve with i =i , where { < { . The result is that
we get & uther asteep, diffusion controlled like eum vhem sctivation control
is expected.

¥

* This lodel m iiso explain the poor ienliuvitj of the current dengity in this
-area to changu in the water flow {mbltinh tﬁeod} over short periods pf time.

When the rotation speed is increased for a apoc{nm at e.g. =100 aV SCE, the
surface pH will drop. This will allow & lerger value of 1 and an increase in
the current 80 that -the “‘cr:lticnl" pH is resched again. Kowwor. in contrast to
the detrimental effect of increased pH the beneficial effect of lowering the pi{
has @ slow response and no imsediate current increase is cbserved.

Some aspects. of _the results in Fig. 16 can also be understood from the above
godel. For both platinum and 254 SM0 there {8 no reduction of the current
density during the first hour of oxygen resoval. The reduction starts when the
oxygen level iz down to ebout 10 %. This is to be expected if the pH
controlled current density is ahout. one order of lagnitude lower than the
oxygen limiting current denaity. '

Thevotentiu rise for freely corroding specimens is slso a result of increased

‘cathodic sctivity., The free corrogion potentisl is determined froe the

intersection of the anodic current density line and the cathodic current -
density line. Before a slime layer is forsed a cathodic curve liie C in Fig.
22 is ocbserved. The anodic curreat dengity decreases with the ti-e due to s
thickening of the oxide layer and is indicated . at 10 ¥ m/cu 1n 5‘1(. 22.
After some tise this value ié reduced to even lower values, e.g. 10 pﬂfc- is

»
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: Hhen passive“ new and allo,ya such as staj.nless steels, titanium and platinum

are impt in seawnter at tespersture below 30° C. the microbial qctivﬂ:y leads to
an mcmase in the free cormsicm potential. At cathodic polarization the same

- microbial activity leads w an drmatic increase ‘in the oxygen reduction rate

after a few da.ys or couple of weeks of exposute. Both the increa.se in t.he open
cumit pounuul and the increased cathodic eft.tciency during cathodic polari*
zation ny bc sxpluned by an m“ogeneoua biofils forsation, that is actually
cbserved, containing clusters of bacteria colonies scattered around the
nurrace 'm«c !m:teria colonies seem. to fora highly effective microcathodes
where the mham current for the oxy;en reduction is :tmncly increased.

Due to t.he biofils c‘tquuz or the oxygen mductioa reaction at wesk cathodic
polarization the pH -t the uurrwe increases to & maximum of 9.5 st & distmce

of 25 um fm- tho aem surface st saximum CD conditiom The saximum pH secus
“to be damnmod by the detrimental effect this mcuued pH has on the

bacterial catdytic utivity.

This critical pll lisit proposed above f:l.ts several experimental observetion,
end gives an explanstions to the typical shape of po.arizetion ‘curves recorded
for samples preexpossd at E < E thgt shows two limiting currents uh&ve the
upper limiting current has lhoun aot to be controlled by oxygen éiffusion. The
catalytic effect of tha oxygen reduction reaction and its detrimental influence
on cormion _tendency and rates does "ot exist at tesperatures sbove 32 *¢ for
the ses nter uled in thue experisents.

In the potentisl mn ~400 down to ~800 sV the limfting currest for .uinleu
steel in sea water ig quite independent of flow rate, also wichout. a biofilm.
The CD im possibly limited by oo charge transfer resistance in the oxide
layer.

RDE experiments . shows that the catalytic effect of the biofilm on the increm

in CD during cathodic pohriution is only little dependent on flow rate. There
Eeem to ba & weak uxiluu D at rotation rates between 500 and 1000 rpm. The
naximum CD at potentials between +100 and ~100 mV scem to be in the range 120-‘
150 pA/ca’.
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'TABLE 1
'CHEMICAL COMPCSITION OF THE METALS AND ALLOYS (wT %).

Material ¢ er N Mo  Cu *n N Ti T

- g ————

Avesta 254 SNO <0.02 20 18 61 0.7 0.5 0.2

90/10 CuNi 10 90

Titanium, pure 99.4
Piqtinm. pure . 99.9

- - -
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FIGURE 1 « Flst sesbrane ol electrode momted ia [
PV holder. (1) PYC holder. (2) pH elecw
trode with & Tlat masbrane seneing tip.
13) Somple mavertale. () Bioftls st the
surface.

Ftase 2 - de;ui&qdmdnw%
(1] Semole meterfel. (2} Staialess stenl
scrwe. (3] Epowy resin holder.

(4) Botating disk holdor shaft.
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FIGURE 19 - Poimtodynul: curves on 254 SMO exposed at FIGURE 20 - Schematic illustrstion of bacterial

difforunt conditions activity as a function of pH.
1) Free expusure tor 24 hours, o, concentration 10 % \

2) Preeaposdd at: +100 sV for 2 weeks. o, A;.ar_u_:em.rnion 10 ¥

& b &AM &)

31 Prosxposed at +100 oV for 2 weeks, 0) concentration 100 3.

FIGURE 23 - Optical micrographs of bacteria colonies on surface of stain-

‘Jess steel after 26 days of exposure at -100 mV in sea water.
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RE 21 . - the changes in the
FIGUAE 21 - Schesatic 1llustration of the situstion during FIGURE 22 - Schematic illustration of the chang
cathodic polarization curve due to an increased

potentiodynasic polarization of s sasple pre-
expased at £ < E with pH limiting

corr’
tise.
current as described in the taxt. with the

relative srea of super sctive aicro-cathodes

FIGUI_"(E _Z‘I ~ SEM micrographs of bacteria colonies on surface of

stainless steel at two different sagnifications.


http:pola"uaq.on
http:potenUodyn.M.1C

K

Tl T Tl e e wk Cale® dad ‘wd et bak tedit AP

CORROSION OF THE BRAZED JOWT BETWEEN CUQONi 10Fe PIPES

'P. vasstliou! and V. J. Paoazoglmﬁ
o National Technical University of Athens
1 Department of Chemical Engineering, Section of Materfal Science and

‘Engineering, Laboratory of Physical Chemistry and Applied

Electrochemistry

2 Department of Naval Architecture and Marine Engineermg, Laboratorg ‘

of Shlpbulmng Tectnology

The corrosion behaviour of brazed Cu9ON1 10F e pipes with circulatfon of
3.5% NaCl solution was investigated in 1aboratory conditions at 3012 °C

and at a Reynolds Number of 17900. The brazed joint was also examined
under the metallographic microscope. The corrosion rate equation
obtained is compared with the corrosfon rates of non-brazed pipes and

. of pipes which underwent the same thermal treatment as the brazed

ones. Metatlographic' photographs of the joint before and after the
exposure are presented and analyzed. Significant differences were
found in the corrosion rates of the cases considered.

QENERAL

The family of CuNife alloys has been iIn use for the last forty or so
years under conditions of severe sea water corrosion, because of their
resistance in pitting corrosion. Several researchers have studied the
seawater resistance of CuNife alloy pipes under varfous flow
conditions (1-3). All the above researchers have studied extensively the
conditions for the formation of the protective film, since the excellent
corrosion resistance of the alloy Is based on this film, a phencmenon
that 1s more pronounced when the alloy contains a small amount of
fron. 1Jsseling (2) presents data that indicate corrosion rates equal to

" '50-250 pm/yr during f1im formation, 5-20 gm/yr-after f{lm formation,

and, 1-2 pmtgr after an expesure of 10-14 grs as these were measuregl

by other authors (4,5). Other data existing in the literature, concerning
exposure in Seawater under stagnant conditions. (6), indicate corrosion
rates for the 706 Alloy between 0.3-and. 1.1 mpy for an exposure period
between 181 and 608 days. Similarly, for the 962 Cast Alloy corrosion
rates fluctuate from 09 to 1.1 mpy for an exposure period between
181 and 366 days. Finally, data presented by other author's ror me 706

© ATy (7) give a corroslon rate of 002 mm/gr

in this work, an Imesligauon 18 made on the corroslon belwiour of
brazed Cu90Ni 10Fe pipes, and a mathematical expression, dertved from
short term experirmntal data ts presented for the corroston mton
of brazed pipea . .

The specimens used were pleces of pipes made of CuSON{10Fe alloy
used in standard naval applications, with an internal diameter of 2.14
cm and an external diameter of 253 cm. The length of each piece was
approximately equal to t0 cm The nominal composition of the alloy
was Cu: B7.3%, Ni: 10%, Fe: 17X, and M 1%, and its specific gravity
was 8.94 g/cm.

The specimens used were cut from leng pipes, Lheir edges were
smoothed out with emery paper and they were subsequently degreased
in petroleumn ether and acétone Lo remove the protective ol of the
factory. The specimens were cleaned from the oxides with inhibited
hydrochloric acid, washed with water and dried in ajcohol and acetone.
The iohibitor was then removed with steel wool. The specimens were
swsequentlg‘wetghed and properly marked for fdentification purposes.

All specimens were torch brazed using the silver alloy filler metal BS
AGS, in the form of a ring, with the follewing nominal composition Ag
42-44 %, Cu 36-38 %, 2n 185-205 %. The internal diameter of the ring
was 2 mm smaller than the external diameter of the specimens. The
ring was placed over both pieces that were to be joined together..
Melting of the f1ller metal was accomplished using an oxygen flame for .
a period of 3 min, the resulting temperatures being in the order of
650-700 °C. Simultaneously with the-brazing opefation, Cleaning of the

Cnsite anv oulside specimen surfaces was performed using borax



powder (N02840710H20) By, Drazing two - pieces o! “pipeof

approxtmatelg Jem tong each, the final Iength was close to 10 cm, For -
“each expenment th_ree specrmens were used for = reasons  ‘of

reproductmlttg

For compartson purboses, the same’ therrnal treatment was performed
on pieces of .pipe  that had not been brazed. More speclﬂcallg this

A treatment conststed of heatmg the pipe pieces at approximately 700 °C
with an oxggm torch for the samk lenglh of time as.for. the brazing"

(approxtmatelg 3.min), and then letting the pipes to cool down at a

: slow rate

To conduct the expertments the specimens were comected to 3 ptmp.
with pieces ot a nlastic reim‘orced pipe of approxlmatelg 15 cm teng :

The ctrculamg conditions were on a fully recircilating ‘stream with

pericdical change of the solutfon every 48 hours. Thus the solid .
influence on the f1im formation were kept to a mintmum. The corrosive

environment that circulated through the specimens was a 35 ¥ NaC
solution. Al experiments were performed al 3022 °C. At prespecified

time mterva!s the exposed suecimens were removed, washed, clesned
~ with inhibited hydrochloric acid, dried and weighéd for Toss of weight

due to corrosion -Curves were thus produced of weight loss. versus
time. The weight ‘loss' method was employed as the most direct method
for determining the corrosion rate, assuming that the flow velocity is
very low, and hence that there is no erosion involved. For this short
exposure period it was assumed that a more or less uniform corrosion
occured, since there were no pits formed on the internal surface of the
pipes.

Note that the pump operated at a 1291 liters/min load, thus producing
a corrosive fluid velocity equal to 06 m/sec, correspondtng to a
Reyriolds Number aqual to 17900,

All results presented in this section correspond to a continuous flow of
35% NaCl solutfon inside the pipes, but differ in the exposure
conditions of the outstde surface of the pipes, wmch are described
separately for each case.

The results from the experiments with the reference pipes, namelg
with - pipes that were neifther brazed nor heat" treated and whose
outside surface was exposed to a dry atmesphere, are shown in figure
1. The resulttng mathematical equation for the corrosion rate derived
by least square approxtmatton techniques, Is: :

y= 3.90«104-6’-‘97 S m
For the thermally treated specimens, exposed on the outside surface in
8 ory atmosphere, the experimental results are shown in thure 2,
whereas the corroston rate equation was found to be:

ys 631m104nt0167 @

The brazed specimens, exposed on the outside surface also in a dry
atmosphere, gave the results smvm tn Flgure 3 and the foltowmg‘

) corroslon rate equatiort

‘ u 817'10-4,'.0‘71 - 3
When the brazed specimens had their outside surface exposed in an
equilibrium atmosphere over a 3.5% NaCl solution at 30 °C, they gave
the resulls of Figure 4 and the following equation:

y = 10.73%1074t0140 , (4)

The exposed in the flowing solution of 35% NaCl surface of the brazed

joint was observed under the metallographic microscope, before and

_ after the-exposure (see Figures 5 and 6). The edges of the grains were

elched with an attack by a saturated selution of (NH,4),5,0 at 40 °C

and were observed under a microscope with a magnification of 150. A
diffusion of copper fons in the silver brazing is observed, which

_ oppears to lessen in amount after the exposure, as shown in the

photographs. The presence of silver creates anodic conditions that
enhance the corrosion of copper due to galvanic action. It thus appears
that the corrosion rate of the brazed pipes resulls from two
simultaneous processes The one is the anodization of the Cuni alloy
due to the presence of silver, 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 evtdent from the resuus obtained in - the thermallg treated
speclmens (see eq. 2) and {rom the simﬂantg of the rate constants in

eqns (2) and (3)

The resuitmg mathematical equanns (l) to (4) show that there is a -

tendencg for higher corrosion rates for the thermally treated and the
brazed GuQGNHOFe pipe, 8s expected. Furthermore, the equations show
2 mgh carrosioﬂ tendency - f or .the .pipe specimens exposed
simuitaneously to the NaCl envlronment on the outside ‘and to the saline

. water on.the inside

it can, thus, be concluded that when designing a heat exchanger or any

other system for that matter, using CuSONI10Fe, one should take under
consideration the equations for the brazed spectmens in_order- to
predict the mngemg of the sgstem o B

- Part of the work reported has been - performed as part of t‘r N.

Papayoannou's diploma . thesis in the Dept. of Naval Arch. and Marine
Engineering. The authors wish to thank the Hellenic Shipyards,
Scaramangas, Greece for kindly providing all the material required for

the specimens
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catHODIC PROTECTION' OF ‘STEEL IN PURE cummzs
‘ormmmsmmnmp_mmm : ‘

: L. rnsmu. (l) ;nd . mzmc (2)

(1} N T.% vniw:sity of Trondheiu (ROMI) .\
(2) mmsa c.ntn g ant BP 70 29263 PLOUZANE .

'Stainless steel has been exposed to entiched natural semnter vith
or without the marine bacteria Yibrio patriegens in short term labora-

tory experiments. Spécimens were freely exposed or polarizéd to poten— .

tials from =760 to -900 mv SCE. -At the .end _of Ehe . exposure
period polarisation curves and AC-impedance diaq:m were determined.

Due to the presence of bicteria, current density - demand imcreased. -
during . cathodic palarization of specimens to -800 and <900 .mv SCE, -

precipitation of Mg~ and Ca-compounds on the metal surface decreased
a5 did also the charge transfer resistance value measured during
Ac-mpedance ‘amlysi’s’.’v _ : ) - ‘

INTRODUCTION

Eoe

Cathodic protection of steel Constructions exposed ‘to sea water is
widely used to prevent ¢orrosion. The presence of bacterial films on
the metal ‘surface is demonstrated to increase the free potential
and to change the current density requirewment during.cathedic
protection (Mollica at al., 1984, Johnsen ard Bardal, 1986). These
results are obtained vith biofilms in nonsterile envircnment where
the i!;10:111:3 contaiuu &  mixture of naturally ocurring bacterial
specles

Biofilms may bave an mfluence on electrochemical reactions on the
metal surface in different ways: The physical presence of a biofilm
can create differsntial aeration cells, and metabolic activities such
as’ production of ext::aceilular enzymes, organic acids, polysaccha-
‘rides etc. may have an etfect on surtace reactions by - decreasing

a

activation efergy, changing pH or creating differential aeration’ Vcevlis.
It is suggested that biofilms in natural sea water modify the activa-

-tion controlled part of cathodic oxygen reaction but, the- exact

mechanism is not known (Johnsen -and Bardal, 1985,Scotto et al.,19853.

Studies of monobacterial biofiims may be helpful in understanding the
zechanism, because growth and metabelism of this type - of biofilm can
be moge. easily cortrolled and ‘changed than with a mltibacteria}. biotilm.

The objective Of the present study was to mvestiqate ;he intluence of -
a ‘single bacterial species, Yibrio natriegens. on eléctrochemical
surface reactions and current density. demand during cathodic
protection of steel in sea water. The results obtained can be useful
in evaluating ‘the role of Y.natriegens in' natural biofilms that.
modify metal surface activities, and could also be lmportant . for
understmding the mechanism by uhich ttu biotih uterfcx with

’ :eac:tiqas on the nul su:tace.

‘31 C-u;ul plazes {Table 1), app.toxmtely Zx( 5ci, were:

’ cnnw
© pokished uith_dacrusmq grain sizc, troa 120 to 1000 nsa. and rinsed

.

The aonpon: were placed irt £) Lus

“flask tﬂq 1! which were autoclaved (15 min at IZQ‘C) and tilled vith

ca.800 ml sterile, modified . Oppenheimer-zobell (1952) medium: 1 mg/i
pepton  (Difcol, 0.2 mg/i liver extract (Difce), 0.01 mg/l glucose,
in natwral sea water. The glucose vag sterilized separately snd added
after the medium had cooled. xpe:inenu were done at 21-23°Cand
with stirring at 500 rpa. ‘ s

Qrganisa. mna__nazxiems. ncc 14048, DS 759, were received
from Deutsche Samelung von Microorganismen. Cultures in the experi-
mental systes were inoculated to appxoximtely 16¢ caushu using § =l
from organisss grown ln.  test tubeé for 42 hrs (sutiouzy phase
organisms). Stocks were maintained on agar slasts at 4°'C . Culture
purity was folloued nicroscopically and By colouy myhology

¢ metal coupons were polarized to thc

nmmmmx.mmn
. same  fized potential  (-900, -800 or -700 mv XEy  or freely

exposed. The electric current supply to the polarized ' specimens was
recorded as a potential drop over a 100 ohm resistor. The potential of
freely exposed specimens was measured mlntiw to a utuuted
caloael reference electrode. - .

At the end of each experiment, -uptake of polatizatian curves was done
with Solatron 1286 alectrical interface controlled by & Olivetti
computer, - AC-impedance dnalysis was done with Sclatzcn 1170 fre-
quency analyzer through a Solatron interface. . :
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‘Batterizl #ngt W“Buting experiments, viab}.e bactena m the, liquid
phase were recovered on’ Oppenheimer~Zobell = agar and counted after 2

days inyubation at 25°C. 'Bacteria on the metal surfaces were coloubed o

~ with’ ‘adridine . brange  {0.01%) and counted uxth epifluorescense
‘ mc:oscope at 1000 times magnificat;mn . . :

: Llpld contedit of the bionlm was analyzed as -

described . by: Hhite et al {1979) and Guezennet (1986) Ca~ and Mg-
concentrations on: the metal surface were determined by atomic absorp-
" tion spectroscopy after zmclnq of ‘the coupons- in phosphate buffered
saline solution (pﬁ 7. 2) and dissolution o!.’ Ca- and ug—compounds in
0.1 M acetic acid, ' .

Oxygen in the liquid phase was measu:ed usinq the ﬁinkler nethed.

After 1‘2 24' hri 'éf exposuté, the - current’ densyitydmad of .steel

coupons pola:ized to ~900 and -800 mv SCE in the presence of Y.natriegens,

increased as cowared to stenlo envixonment, but; did not increase at
- =100-mv SCE (Fig. 2} :

':.nuneutlon of attached bacte:ia at the end of each experimnt. demon-
strated that when Y.natriegens was present, the number of bacteris on
setal surfaces ‘was in the range of 10%-10°/cm! {Table 2),.a density

" commenly found on metal surfaces after 1-6 days in natural sea - water
{Marzalex et al., 1979} . Because bacterial numbers remained approxima-
tely the same at all potentials, other factoers - than pumber of
attached cells seemed also to be important in detemmining the influ-

ence of Y.patriegens on current density demand of coupons polarlzed to -

constant potential in the present study.

Somé -attached bactéxia vere uso found on coupon 5urtaces in
sterile environments (Table 2}. These bacteria may have originated
from -the . natural sea water used in the medium, They were killed
during the sterilization of the medium, as indicated by the zerc
colg?y §ozning ynit counts of environments without ¥, natriegens
{Table 3}, - - - : :

Analysis of fatty aclds on coupoh surfaces demonstrated the presence

of fatty acids characteristical of bacterial membranes, as cis
vaccenic acid (Ci8:1wlc), cié palmitolelc acid (Cl6:1w7) and branched
p:ngadecanoic (C15:0) and heptadecanoic acid (C17:0) in environment
wit .

Lipld phosphate 15 often used as measure of
viable biomass, and in many Dacterial strains the average content
is 50 ymol 1lipid-p/g dry weight (White et al., 1979). By using a
fatty acid to phosphate;molar ratio of 2:'1, we calculated bac-
terlal densities on surfaces exposed to different potentials to be in
the range of 3x10’ to Tx1¢' cells/cm'. The cell numbers calcuiated from
lipid analysis seem to confirm that bacterial attachment was not
influenced by the potential level of coupons ;

Changes m"pﬁ and ptoduction of H, 0 at the metal surface are squesr.ea
as .reasons ' .for changes in absozpr.ion of bacteria- on metal during

cathodic protection {Dhar, 1986, Gordon et-al:,. 1981}. The relatively .
high and - constant attached cell numbers which were found at all
imposed potentials {n. the present study, say Indicate that
H,0,-productton and/or pH- changes at  the .metal - surfaces, were mot . -
Su ficiently significant to reduce bacterial" absorption. . :
Measurements  of pH -and oxygen showed for all . potentials the same

" pHi8.4:0.1) and aerobic conditions in thc llquid phase at the em% ot

the experinnts (‘m:lc 3.

‘The pouxizatieu bahavionr ot steel cmxpons which have been kepc (1]

hrs at ~-800 mv SCE and 42 hrs at free potential, in environmeats with
and without - Y.natrisgens, . is showm in Fig. 3.  For coupons kept at. -

'-800 mv and-at -800 (mot shown in the figure],  the cathodic polari» :

zation curve moved to thé «right when bacteria were present, while
the curves were léss différent for coupons kept at free poteatial. The

" results obtained fn the preserce of ¥,patrisgans seem to be. {n accor-

dance with data from préwvious work m:e 3 chaage of -cathodic proper-
ties of stainlass steel was observed —when biofilk- mloped on -
polazized specimens Ln mtuul seawater {uoluca et al 23 19!4, Johnsen
and um\n, ;9.5), AU

As & tesult of . pll-lnc ease during cathodic polariutim in séa

vater, calciun carbénate and sagnesivm hydroxide - may precipitate as
4 deposit on the wmetal surface. Analysis of Ca and My -demsnstrated
that these elements were preseat oa the surface when metal coupons .
were  polarized to ~700 mw SCE or lower potemtials - (Table & in
solutions with and without Y.patriegeas. Preseace of bacteria did,
however, dacrease the precipitation. This- decrease may be related ta a
lover interface pH caused by bicterial production of orgasnic acids.

Analysis of acetate demonstrated that volatile fatty-acids were produ-
ced in the liquid phase, in the presence of bacteria (data not shown).
In sterile solution, at -900 mv SCE, the Ca/Mg (w/w} ratio vas ca.l.

rrhis ratio Incused uhen bacte:h Nere present on the suriace.

. AC-impedance tnalyaes perfomed after removing the cathodic potential

and allowing samples to return to free potential, showed that for all
potentials, the complex plane diagrams exhibited single depressed
cipacitive loops with centers below the real axis as demonstrated
by examples in Fig. 4. Double layer capacitance varled in the range of.
0.1-0.2 wF / e in solutions with and without bacteria. Without = .
Y.natriegens on the  surface, the charge transfer resistance, Rt,

varied in the range of 55-65 kohm.cm?, with the unexpected exception

of the high wvalue 153 JYohm.ém? obtained at,~700 mv SCE. Bacterial
attachment decreased RC -values from 58, 153, 60, 65 kohm.cw'to 31,
125, 32, 53 k ohm.cw? at free potential, -700, -800, =500 mv SCE
respectively. This decrease in charge transfer resistance indicate a
higher corrosion current density due to the presence of the
the biofilm. o : )

~
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Attac!unent of the matine hac'ena w
" coupons polarized to -800 and -900 mv 5CZ increased the current density
jdemand cwpated to - sterile controls.

to 17 C steel

Presence of Y. natriegens on metal surfaces,polarized to potentxals below -

~100mv SCE, moved cathodic polarisation curves to the right as compared

' to controls.This may indicate that V.natriegens participate ln increa-
“sing the’ ‘cathodit réaction e;tid:iency dunnq cathodm poluiutlon of

© steel in mtuzal ‘sed uatet.

E Ac-i.mpedmce mlysis demnstrated tmt pres;-nce of
- . decreased the charge resistance value thus
- current density than in envitomnent ‘without.

" Mg-~and, Ca-comouuds ‘were precinicated on polarized metal surtacesp .
. but p:esence of uammn: decreased the o::ecipitstion. C

4
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'rable 3. Measurement of pﬂ, 0, and viable bacterxa in the liquid’
. -phase at the end of polarization of steel (17 C) coupons
.o constant - potential in envxxonmnt with’ m and
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< ~bact,'e:l'ii'u:st'irin1i“

1.5 io* .
26100
) ‘s 3 wf o
1.3 10

[ . . - . .
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Flgure 1. Schematic diagraa of experizentsl system with steel =

"7 7 coupons (1), counter electrods (Pt) (2), reference elsctro-
‘de (saturated KC1'(3) in & tube with a glass frith in: the )
and end filled vith medium {¥), air inlet {5),. cotton plug
{6) snd air ocutlet (7). : IR S

PETTETEEY

)‘”v

. Figure 2. Cathodic current density demand of steel {17 C) _ceupiqns
RN polarized to -700, =600 and -900 mv SCE in  environment
: with and without Y,patxiegens.. S .
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ON THE BJ’\RNACLﬁ«lNDUCED CREVICE CORROSIQN PH!ENOMENON
CING STMNLESS STEE.L :

fiashwar, G.Subramamm and P.Chandrasekarm
Corroswn Research Cemre, CECRI Unit,
Mmdapamc‘mp 623 m. lndu L

VABSTRACT - Bamades induce crevice. corrosion in stainless steels which
.. usually’ resemble the ‘shipe of the base of their . shells. - This mvemgatmn has
" been caxned But 'to elucidate the most probable mechanism by which such crevices -
. ‘occur.’ Based on a series of experiments with 304 SS, a model is proposed on' .
- hoW crevices nucleate - and propogate. The role of. oxygen and bactefu are -
hnghhghfened ) o

: mmoo‘ucnén_ :

Perhaps the most smkmg mstance cl blologu:al corrosion . in sea\vater

is the attack !nfluenced by barnacles in stamless steels and nickel altoys. LaQue

{19&\8) has shown that - wengm losses- were enomms Ior stainless steel specimens

sub)ected to ‘natural’ anachment of marlne otgamsms, whereas, those held m“‘

a !!ume thh seawater Ilowmg {ast enough to dnscourage marine growth, ‘suffered

little damage. Relml, et a!., (1976}, prov:de addltlonal proot for the. hlghef'
‘rates of attack mduced by bamacles. These workers have compared corrosxon

losses of two, sets of panels. one allowed to gather natural marine growth and -

the other protected from tculmg using phyto or zoo-platmon nets. There have

been a number of other mstances (LaQue 1972, Degerbeck 1971, Rowlands 1976,

King 1980, Pipe 1985, Ravindran & Pnllal 198# Eashwar et al., |987a) where'

barnacle-induced attacks have been descnbed as a charactenstlc phcnomenon

-2~

i stamiess steels occurmg, pnmanly, beneath the shells of dead orgamsms.

Also, Rlumu, et k., (E‘)&h), have observed umxlar attacks on anckel alloys.

In spite of exten's’ive marine ccrrosion ‘research for vdecades, this pheno-
‘menon has been neglcted by sclenusts for its details such as why and how it V

occurs. This has been pomted out by’ LaQue (I%Z) \vho regards this -area as

" a promising topic -for rcsearch in mafme corrosxon.

. This. mvemganon has been taken up 0 eluc:date the most probabte

’ mechamsm by which crevice corcosion occurs on 304 stmnless steel.

' MATERW_;; AND METHONS

Type 304 stainless steel (Nominal composition = Fe/Cr 18/Ni $/C 0.07)

was chosen for the present study. Sheets, L. mm thick, weré cut into panels

of size 150 mm x 30 mm. They were then derusted in inkibited acid solution,
polished, degreased and exposed 0 natural seawater in convemzona! wooden
racks. Panels were retrieved to the laboratory after ahout 25 to #0 days allwmg,-
sufficient time for attachment and growth of barnacles. Such manner of seawater
exposure. and retrieval for 'e'xperimentatioe under Icomrol’led lMatuy conditions
was done twice, during Jamuary-M_érch 1987 and during the same period in -1938.
This particular season coincides \ﬁth the heaviest growth of barnacles, principally
Balanus retiazlame, at a settlement density varying between 2x IOI' and‘z.S X 'IOQ

w2 for a 30 days exposure period (Eashwar, et al., 1987b),
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env:ronmental condmms m the Iaboratory. Pnor t0. th:s, paneis were all checked
(or the A

uvi;y oi bamacles, uslng cirral beatmg as an- md:catlon. Any bamacle

T that wu imm ad on remeval to laboratory was removed in ordcf to e!ammate
-efror \vhich <:ou!dr be matcd by an alrea.dy imtiqted crevice. Fouowmg tlus,
" panels holdmg llive barnacles ‘were lmmersed in a tm sewater bath at 70'C,

-'twgce. for about l) minutcs each nme Thcs ensired kmmg of bammles md

ntached bacteru(. Trans!ﬂ‘s wem- then made to’ d:!lerent conditnons mch as

glven below* :

o ) . Natwa! scawater, unsttrred
iy - V Natunl seavlater, conszamly aerated -
i) ' Dewatqd (nitrpgen, sparged) natural;seaw,at‘er o

i) Deaerated, sterilized (wtncla\'red) seawater

vl Same a (ivl but a pure cuiture “of sulphate-rcducmg bactena :

. inow!lted.

In addition, certam othef parameters were also ana!ysed and vu!l be

" dealt mth in the text Iater.

Experimcnts were termmated about lS to 20 days ‘after commncement

and this’ exposure tlme was ‘found to be sufficient enough for positive and negauVe
results to be comudered 3cmme and reproducible. For each variable expenmental

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

The panels, each holdmg about 100 barnacles, werc subjectgd to various R

e

“tek:‘minvati“oh of the experiments, the panels were cleaned, first by hand scrubbing

and later in inhxbned acnd solutton, and observed by naked eye for appeannce

‘of crevtce. .

RESULTS AND DISCUSSION

From a natural immersion ‘test spanning 2 years, it was confirmed

' that all artacks 'occurred,mlyf beneath dead barnacles (Eashwar et al, 1987a)
" Three broad stages in barnaclé's cycle, as relating to corrasion, could be identified. -

These can be observed in Fig.! which implies that the flesh, after the organisnv's
death. should rem:nn inside the shell 1o xmmte ‘corrosion and . uut 'empty

'shells - the tesultam of predatlon by ﬂshe: or g&s:ropods - do mt prod:ce

any attack o

. R ) :
Result; a series of laboratory tests are shown .in Table-1. It can be

ken'ttiat data collected during 1987 and 1983 agree well. Results indicate that

in the absence of either oxygen or biological actmty, crevices da’ not occur.

- Also, oxygen can be ohserved 10 increase, cons&derably, the pefcentage of attack'

in namral seawater. Some of thc sahem: Ieamres observed in experimms per-
tammg 1o aerated. natural seawater wcre; ) ] ‘
1) " Red rust showed up. along the edges of the ‘shelis of barnactes
' where crevices had hegun. :
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o @héc «dxioﬁdﬁ ,océ:ur'red bariﬁdes could-vbe uprdoted easi!y

;‘;—Observauons »'\(3' ,‘.i -that the bases of :thair s‘wtls weﬂe per-

o .Nhowever, remamed strong.
114 m:cds me'mon, here, that ‘the %ase of the bamac!e
. sheu is not u'uform in thlckness, it is weak at the spat wh
‘jth. xgamsm rests. “in. some barnacles, the base is mcomoletek
L amd the }avmg o’gamsm r-mtacts the mbstratum dlrecly (Bada-
k subra’nanyan I988). A ; L
» :C«rosuﬂ began along the edgcs of the sheus. In alt of the‘
o ."'rev:ces, th. cemre reglon remamed unattackedn V _
. h) ) Thﬂ'e was -vndence for tha pres-a-e of suiphxdes in the corrosion
o pfoducts. .

Table-1 .explains that in the absence of oxygen, biological factors

{sz8) do"nat’ tp-ribd;té a'{’y significant eﬂéct. Wnere corrosion had occurred,
in this case, lt was not the ;ha‘a- teristic’ crevice wnh an unaffected centre. )

vlt was, rather, a rh{ierent patxem of attack with a deep pit at the centre,

The bases of thcvrest -of barnacles were in tat;t,and ‘were not perfarqted

by sulphide accumulation.

) V‘iorat'd at ;hos" places where th* ﬂesh of “the anmal rested‘ A

7 ,(near the centre in most cases) Tbe cdgca oi th" she:u-bases, A

.

Resu!ts oi anothcr series of expenm-nts carned out durms January-_,.
Mamh 1938 ae gwen iny Table~2. Per!orataon of the sheu—base. as it e
be seen, appears to cajse ‘o eliect in the absence of bwts. Evndcntiy‘

corrosive p'omct is requu'ed to penetuxe the sheil ‘and dissolve the ba:e.

 The sec ond of thns scncs oi study shom that the nx:dmd Pfoduct of sulphxde

is harmtess in the abscnce of marme aerobnc bu:tena. The third trui reveals
that exposwe to acroabtc bacteria, follo\vmg heavy HZS accumu!anon mthm
the shell, causes corrosion 10 ocszur, It can be. argoed that ‘the corrodant'

formed upon the ‘exposure’ 10 naturat seawater should be a~pcoduct of the

) sulphar cycle. This is because that the ﬁesh of ba'nacle, pnor to exposre

to natural sewater. had already beeﬁ acteﬂ upon, completely, by the SRB

'!'est for thmbamm

From the :iecay 'mter mt?an the shell, te;ts' were made for the
prvesencg o( thwbaaul «mct\ are ctpable of oxidising sulphides to'ulpmric

acid. Samples were inoculated in the eleénéntﬂ sufohur fheqium (Béo;h 1971).

A drop in pH frour:_y? to 3, within S days, indica_ted ‘the- prcsci\ce_é{ thi‘ob:i‘ci!rli.‘

Thzobactl!s are abuadaat in seawater and are most Ickely to occur

in places where HZS is produced ot deposited such as in decaymg turf mthm
the bamacle shell. From the results of experiments, it appears, most likely,
that ttﬁopéci!lIi are responsible for the ;Sroduction of acidic ;‘.tbstamé éapable
of penetrating the calcareous shell of barnacle. To suspect these organisms
as the cause looks straight mrward since they are, like SR8, wndely dlstnbuted )

in the world ocean.
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a Also understood “from the results is that ktllmg of mtcrobes thnvmp,

beneath the shell or those already present wnthm the shell has not affected

c the crevice corrosion pbenomenon. Thts also lmpltes that bactena responsnble.

lar attack very abundant in natural seawater. '

fme caswcs-coaaostott MODEL mo CONCLUSIONS

ln the orgamsm constdered for the present smdy, Balams retlculams, ‘

al} attacks occurred beneath dead orgamsms. .

As the ltrst step, the (lesh of the orgamsm is at:ted _upon by mtcro—v .

orgamsms, chlefly SRB and thtobacillt. Thts fesults in Ioweﬂng of pH wttl'un
the shell. ' '

" The. pmduct lormed as a result of putreiactton is an. o:udtsed form
of sslphtde and q;pears to be. su!ptunc actd produced by the xtton of thtot»v :

3
The corrosive. prodact pet!orate the shell .at .its weak centre and

gdtssolve the base movmg, at fandom, from the centre across the shell.

Thts establish's a corrosion cell between thc completely exposed

. centre reglon and the ad;acent crevice gap. Differential aeration and dtfferent:e

Cin pH ‘between these two regions seem 10 be the factors tniluencmg corrosion.

Cortoslon, thcrefore. begins -at areas nearer to - “the edge of the
sheil rather than at the centre where the products directly contact tht- metal

surface.

s-
Deepest ptts, within a crevice, occur at areas where sheu is adhered

most Ilrmly.

Creation of a“deep pit at the centre; esisentia'ny. is.due 10 the build- -

-up of an almost completely an aerobic. environment mthm the sheli; Hete V

cocrosion is induced by the acidic product itself instead of dtﬂerenttal aetation’

: celis. This type of attack. hovever, is not very common.

Fmally, tt is vorthw'hﬂe menttomng that . mare dtrect proo! Ior

thts mode! wou!d be gwen by careful and precise memrement of pH and

o oxygen levels mthm the shel-l.

The authcrs are thanktul ] Proi K.I.Vuu, Dtrector, CECRI, ‘and

)r.K.Bahknslnan._ Head Corcosion Dmsm, CECRI, for encmragement

and permission te communicate the paper.
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Table 1 :

1.

2.

3

5.

6.

7.

xmenw culdums in ldﬁofatqry - l

Eqii‘rmmthui:ﬂq LT a Percent attack ¥
o ' 1587 19
' Test © Test

"Nnmnl seawater ‘ S 7 20
"Natunl seawater, cmstant!y ] 52 4

| serated . -

Sterilized séawater . . o 0
Steﬂﬁzad seawater, ‘ ¢ o
constantly aerated ' ' A
Natural scawater, deaerated ] 0.5
Stecilized seawater, deurau'sd ‘ 0 0

" Steviliaed seawater, delerned o 0.5 '

+ SRB cultwe

w.Based on crevice attack beneath 200 barnacles or mare

e v,,‘_Results of barmclc - lnduced corrasion under dtiferent ermmn-. .
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o ‘l'ab!e z : fﬂ.eaxlts of bamac!e - mduced corroswn under dtiiemnt envu'on-

.‘mental cavd:tmnsm labotatory no ‘ ST

o .‘E‘,nyf;rmmtfhriam‘g . S Percent attack * =
' ' - (1988 test)

O TR ‘Sterite“ seawater, aerated; Flesh of ;
' animal remaved; Base of the shell - ,
. o perforated witha stériie‘ needle. - 0
20 Stenlxzed seawater « SRB (pure
o ) culture) : : .
- 10 days exposure; Suhseq-.cently ) .
V sterile air sparged lor lO days y o

L Stenhzed aeawater + SRB (pure -
oo (culwre) :
10 days cxpomrc' &xbsequently
.. exposed to natura! aeawater “for -
7 days B ‘ 35

* Based ‘on crevice attack beneath 223 barnacles or ‘more.

FIGURE!. THREE BROAD STAGES OF
BARNACLE ~ IN  RELATION TO
CREVICE  CORROSION
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7 ln Enqhnd mrc -yduluh. culhcltcﬁ \Q&;d froa slt@n qt u-uu tm

cft zwol aiong ‘Uhe !m;th of tbo hull. - The, groc usog -

. :ormpoudb uuwm uq:llng uumd nploy«t hy‘ hnhn ‘usn);
' u-plos am-q obuimd w uruplng tm lmll surfn;. wl th . uzor bhda

fn r.g;om umq 1y mu b- mcm m— tm- ;.L!Pﬂ.r

occura‘mq 'o(f 'lvhii s iplli :-spoctn mdwuvu\r ujor 5mora wes

ucglzdd For mh ;unph uw (ho toul nulbor af tou i.e. .

ludivtduu tmiu pl\u addtt!onal vqruttu.

toul mﬂwrt af. mlra. lpocln and vorieties wers: rccord«t

. . .:‘- .

Tumonx: studles o the diatom contant of the microfouling

' n-p!'ci ‘obtalned 'fr‘dl‘“thof 15 ch’ips?rwu'lnd ‘« total o{ ﬂ'smcru“qnd
197 cpdcus phu 10 odaltloml varhtlcs (. e total taxs = 207)

tdentifled u Eoul!ng orgmuu By ur thc mst well rnprcnnud

genua cbserved on these vessals ws Naviculs, (or whlch 41 sp.clos

(total texa = 443 wera recorded. - Othor pr.volent gemrn !ncluded

It

Qeﬂ“anlh und liu.n:hh, ‘asch w!th SLE tp«cies (total u:. = 16) end
Amnm:gvlth 13 :p-cxu (total tan = 15) E;gh;y uum of the .

;avorcll spacua total me. tawdwo. confmo‘ to oaty four gemrs :

. species m. x;g{[ng[m;.n var. mﬂh and m&w

for ucb vusol the

Individual nsu!s. however,. ulubuod caaﬂd‘rsb!u voriatido.in xhc

number of {ouling diatoms recorded, resging from 35 to 120 texe (m

Tedle l)

It is sino ﬁaté«orthy In Table 1 thet vessels operating over
ocesnic routes scn;rnigy supported o lower diversity of dietoss
cospared to that of vessels with & cosstsl maaf oparetion.

Oup’ua the diveras renge of species tdou‘;t!fl-d. m’ly s small

o -rsq_-«"-"" M

numbar were found to cmtituto over 10% of tM diaton popuﬁifdﬁm

ane or mors of the unpla .uu ma;n 3). A-nag thess, uu two

amrged os belng by fer the mu prq\nlcm fouling dtctm The
lcrur spacias cmstlwtod aver. 0% of the dutu populstion al 53 of
the 116 senple sitas and ovar 50% st 14 sites. - Bgth wlnmu R
observed to have e procumbent .nitochémt ,qﬁqp&q{gy .snd qu mnlo'pcd
in lerge quentities of extrecellular le,lqgo..- Qthar gq;utg‘ which
wers recordad es prevelent at e Mr n( sites inclyded Rerkeieys -
rutilaos, uMmem war. anglice. Maviculs.capostsaing and
Stourcneis decipiens (Teble 2).1t 18 cleer. frop this study, thcruoro.
thet it is the. small procusbent npoc!cg Aive. Ausoffnseformis end =
R.corymbosa ) which represent the n!& distom contributors to bioftin

- .‘. . w ;.

————.
e b

dcvo!opnsnt on thess vessels.

Teblas 3-5 show the relative percentage occurrance of distoss on
three of the vessels studfed. They damonstrete thet the preportions
of the msin dlatoms contributing to the sicrofouling comaunities - -
varies sccording to the hull site. Dlatom fouling on vm.cl Il shows ‘
both & horizontal and verticel traneitlon with erect féru Vhlng Dore

abundent In the forwerd and woterling regions, end 'u_?nllor procumbent
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N forn;a

’ mjorlty of which snre pr "

S

’o'-bundant ln th- crtt rnsiou cnd .t the lower/drort

tng

Y

levuls on thq hull Fbr cn Ahere nppurs to be & tupsltlon in’

donlnance fron Lmﬂl.i.s. var m;u_@_ tn the foruard reglon. to

‘ ; A&af.&nimu var'msniu:"md um:mn tn the Mdshlp Ond aft

tal T gaan .

_rlgions Additlmcny ths rolnt:u occurrenc- of the Ligmphm

species vns greatcr at or nur the mterline thon at the corresponding

120 cm sites in’ u_ch rog!om

n A sll!!ar study cf vosse! III shoucd that, ln the formrd regton.

pall three m!n spacin obsorvnd au vossal ll were ubundnnt. . In the

i

‘“nidship reg!ch. howv r. the ‘bundancc nf the orect spec!es.

i

, L_.mgum was rcduccl mlllt !n tho af! r-g!on both tMs spcclcs and

MW were 1us tvldmt and Lﬂﬂiﬂl&:li& was thc domlnant
spac!es

‘!‘ha occurrence dctt resultn shm: thct !n |dditlon to us

_doninance at the murllnc litt. ‘there was’ ‘an lncrease tn the presence

‘of A,,Jm;m at ths 90 cm cnd 120 cm :ltos This mdlcotes 8 marked

preference by thls apecias for the Mgher drnft level reglons of this

vesse! Oencul ly. homver. fculing was dominated by l!mm;g_ in

the forunrd resion« but by a*cniignsincnia.and unxisuln‘:p in the

nﬁdshlps _region.

lt is tvlunt fro- thou rnult- thnt .u (ha ships exon!ned. the

t“ hy wdern mttfou!in; p.lnts.

i

V.supported n!cro!‘ouling cm!ties dculnattd by 0 uldo range of distom

specus. of Qhe si&ipg exuumd ih thlr uzu-ug.um, only one of.

tbeso. vessel xx hed t.ho foullng ngh ﬂoninated by argunlsns other

than dloiohs. Tt is notable that the.total number of species
identified from these v}gsse!s"was 197, bui thet most ';esse!_.s supported
be’t'wgén 4] arid 72 species, whilst individuol,ﬂsemgle si,t‘esi rarely ’
éupported wore than a third of the vesse!,_’t_qlel,‘. This ind;caégs_ that
the maforiiy of diatoa specles occurred only‘occjsl‘omlly _qna
sporadically. This is in agreement with the results of Pyne (1987)
who simnflerly ident{fied & iarge number of specles from in-service
st{i;:s but found that only o limited number were pg’walent_u_nq,
persistent colonlsers. A similar situstion has also beén observéd for
m!crofouling of anufouled static panels (Hendey; 1951- Callow. 1984,
1986; Robinson et al., "1985), '

In the present study; only nlnetéea,spec!e; were recorded ‘as
méjor fouling ofgenisms on ‘the vessels in that they constituted more
than 10% of the distom population at & semple site. Within this
group, the most sbundant and frequently recorded species were _m_bm
coffeseformis (primarily ver.perpusilla) and.rgto s lesser extent, )
Kaviculs corymboss. It is Interasting to note that both species are - ‘
small, procumbent forms that were observed to produce large quantities
of extra"ce,l‘lular sucilage. Amphore coffesefornis has previously been
shown to,bé 8 common fouling organism on entifouling paints from in-
service ships (Bishop & Sijva, 1969; ‘Bishop et al., 1972;‘0;;\1}.-1 et
al., 1980; Pyne?t 19873 and from static panels (Be_nd‘ey. lQSl;:Calléw,
1986’.‘ 1986; Robinson et ol., !965) Signlflcuntly. B_gm:;_[hos ,
not previously been recorded as 2 msjor foul'ing organism on efther

static or in-service antifoul ing psint semples. IS is, t}o‘gefmr. a

. s@ll spécles With's morphélogy similar to a n_unbeif of other

noviculotd dihtoﬁs and mey have been overlocked mnd/or incorrectly i

identified In previcus fnvestigstions. Addittonally, membérs of ‘the
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e expense of

telperate end troplcel re;lons end to the lower nutrient uvenablllty '

Vof the oceen golng shtps e net slgnt{lcmtly greuter thun many -of

the coestel vessels and’ wls .not therefore, likely to be the mejor
'_ ceuse of : reduced dlato- dlverslty on - these vessels, . '

The for-ulatlon of the entlfoullng paints uppeered to have Httle
‘sl_gnl_flcant_-effec_t on the diatom composition- of the lc_refon_l_lng fllms

. on the vessels l't" f's' n‘otew'o'rthy. however, that two vessels protected

'nlng only cuprous oxlde as the biocide exhl'blted

foullns elnost entfrely donlneted by Anphg_cg_c_qf_fre_ogf_g_[m_ﬁ (vessel D,
snd Aﬂi&n&ﬂh and i_nmngn_dgﬂm_ens (vessel ¥), Conversely
tw vessels coated wlth pelnts contulnlng L purttculurly high

orgenotln loadlng. eg vessels Vl and. xn tended to exhlbn an

lncregsed prevalence by other specles. prlnarlly I!,g !ﬂb sa, st the

“Veriations in blofiln compqsl_thn on

'ln'lc uaters co-pered to coutel waters. The operatloml speeds

. d{fferen( paint .or-uittlcns hls prevlosly been denonstre!ed' ln O(hgr oL

9017 For me'n}qru P

’ the occurrence of erect ltehed specles ‘of geners sucl s Admm

end’ me end/er nucoul tdbe produclng colonlel specles such a8’

L:.m:n.mm ani l!n_.{m‘_xmau.slm_ et or mear the -urllne

conpcred to louer drn{t levels ‘In tl_\_ls respect_'ﬂ. 1s lnteres(ln; to

: note tha-t deptl of ‘ {mmerston end 11ght “Intensity -have been sivew to

influence beth :'\he‘ tatel. b‘toiiu tRound, 1961) and dlvers.lt_y‘ of “distom

-co!onisn!lon (lecon K lelor, 1976; Stupall et al ;. 1976; Hudon &

Bourget. INJ Pyne. 1967) on e renge of substrete lncludlng
entgfoqllng'p_a_lnts. lbre gener_elly-, vertical zonation of fouling
organisms was also observed on ln-secvlce 'shl'p_s. b); Benhan (19-76) and
Benham and’ Bellinger (1979). It l_'sv-noteb'l'e.‘ ._hoylev‘el.'.. that on a nusber
of vessels O, 1v, 1X, . X, XIf, Xll!. X1V ‘and XV).the' mjor fouling
specles, Mmmmlu and . 4 were more .
abundant between approtlutely 30 cm and 300 cn below the waterline.
Correspondlngly these species .generelly exhlbl.-ted & reduced ebundence
welghting for sites at the waterline and st the lower draft level_s.

To some extent, the ..vertlcel venlatlons on these vessels tended



A ugnder the ln ‘_uence of shéar forcts wh!ch in theuselves elter ln

nature and severl(y along the length of a mvlng ves.sel !lor!zonhl

var}ntimv in the dlatcn aupos!tlon of nicrofoulmg {ilm was observed

on vessels l. !l. !ll. W V VI x1 XII and xw. usually os s change

i

in the abundmce of‘ donin&nce of the &i{ferent species Kicrofoulirxg

a A

___Hlm c’l ,,the aajor!ty of these vessels were donineted by mﬁgm

,:Qﬂ‘_mf_qzm end Mﬂlﬂmﬂm bu'. their re!auve occurrence

t!niml. ) For exanple mmm was recorded as 'frequent' or

&
'abundant' in the fo uard ragum on vetsel l, ‘conmn' in the n!dshlp

ﬂreglcn and, ‘comon‘ or ‘present* in the at‘t region Tms type of
decllm.‘ f the ubun ance of the only txtensively recorded specles on

) tMs vesul can be correlated wi th. the char&cter of (low pattern about
ltho hutl. specttically the incresse in flow turbulence along the
,ltngth qt the hull On the hull of vessel XI the same type of flow
'cmracteri:tics produced & trahsluon !n the abuﬂdance of the main
‘_specles R!crofou!!ng in the forvord reglons. where ﬂew tended to be

e

lanlnnr, uus thlcker und domlnated by the erect, stalked species

U_qmnm_mgj_lu var. m,;gugg whllst in the nidshlp and aft reglons

tke domnant ;orus were the smal! !ou profile, procumbent spec!es.

A_cntmngm:nu ver herpustlls and &w& It vould sppear that

the s:naller procurabent specles. par!icularly A gof{eaefo:g; s
var. pgg:g 5111‘ uhtch hav-s been shown exper!mentally to exhlbit

greater altachment slrengih than. ,egl_mggtnes and Lic mghgg spp (Pyne

t al ‘ 198&) are better eble to renain attached to’ these surfaces‘
\mder tur': et t‘low condttions ‘ e
it hu o‘!so been observed (Woods & Pletcher. unpub!!shed) that
the conparunve strength of attcchnent of the four uln foultng
distoms cbserved in the present study correlated closely with their

relative ubunhnce in the fouling samples colklet‘:ted from !hjscrvice

ships. The -ost abundant species, mnszu_c_gﬁ_mf_m . '

. var., p_u‘_gus_im exh!blted thc strongest 1n1t1a1 uttcchnant atrength

and the no!t rapid !ncreas& in adhes!oa mmxmr_zn&gag which was
far ngre abundant than Am;n&h:i spp and mm SpPp. b_v.lt less
t"han Amx_j ,spp. I characterised by a high lnlt;igl level and rate
of iricrease -in attachment strength. The two stalk furnlng»; species
mich were morkedly less abundent in the Mcrcf«aulmg mmp!es. ahowed
much lomr attachesnt slrtngth than the procuabem Auphors and
n__m species. They also axhibited relcttvely little incresse in
the initial -ttachaent strength betwaen one and 24 hours. .As most
diatom settlement on ships’ hulls must neccssarlly take‘p!ace whilst
the vessels are stationary the fi:j:t ;2t‘hou>rs are ériticol, in ‘the
successful setilement on thesg;surfncn. k
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o , Table 5. Relstive Percentage Occurrence of the Mein Foullng Piston Species/
" Sample sfté tcm below waterline (W/L) - Geners [dentified from Vessel XiI

and oécirrerice (%)

Somple site (cm below waterline /L
and aeccurrence (%)

Fordard  Midships Aft
Fr™ Midship  Aft

CTwiL 1%0C Wi 807150 Wi 90 150 ' Forweed
TR e e s S e Spectes © 80 270 390 W/L 120 360 450 450s 540 600
tachors coffeseformis - ‘100 100 1000 94 160 98 100 100 ' ’ — :

gerieleva rut{lans 3% e+ 58 6 0 & 50 28 Achpenthes parvula 74 0 100 7 o o

9 38 92 100 100 100

Licmophurs grac{iis ver.englica 100 28 70 98 34 100 66 32 Axehors coffeaeformis

100 100 100 100 95 70 25 74 ‘ ' Berkeleya rutilens 40 4 40 100 24 56
T e 6 42 w2 s Naviculy sp 1 om0 100 100
44 0. 42 4 4 18 . K.corvabosa 100 T00 o4 ,106»‘ 46 40
| ¥ pseudocomoides o s 20 J2 2
200202 7 6 6 22 Genere a—
©100™- 100 100" 947100 98 100 100 7 Achnapthes . % 6 100 N o o
& 2 0 o 8 o 2 o Amphera 9% 48 %2 100 100 100
100 . 28.° 70 967 34 100 64 32 Cocconels & s 10 2 6 12
s LT 100 100.11000 100:.98 76 28 74 ) Licmophora 2 0 .60 ¢ 0
2 .0 .0 ..0 & © 0 2 Naviculn 100 100 és 100 100 100
440 &2 6 & 15 Hitzschlo 10 0 1 0 2 2
4t 7 62 o6 8 .66 62 28 , Synedra 12 0 0« o o
‘ ‘ A ' Others . s e @ 00 18 57
e ; - 4 = Sample site on flat botton of vessel v
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laboratory.. #ggﬂgggﬂi&g%%,,
: gué&aggggggggﬁﬂa&&

, seawater are 1} a greater tendency for localized corrosion initiation,
‘ - or an increase in cathodic protection aurrent density for preventing
localized corrosion, and 2) an incremse in the severity of biofilmed -

stainless alloys as the cathodes of galvanic coples.
" A proposed mechanism for cotrosicn potential enncblement3.5.8,9

o g&&&n%ﬁﬁﬁl%%ﬂ.%qg
A metal coiplexss of Fe, Cr, Ni or Mn from the alloy and extra- cellular
- polyners produed diring wicrobial metaboliss. anvnvﬁonmug :
reported in this paper was to irvestigate the validity of that Rechanisa

gg&dﬂt&nﬂnnonngg Euugﬁlnonﬂﬁhuonﬁhﬁil

steal, stainless alloy C-276 and platinm. The namiral compositios

and mxpliers of thess wetals are shown in Table 1. Type 316 and allay

gngnltﬁcgip.a'giagnwlna‘p .
: cm and 2 cm by 2 cm respectively, each with a thin sten 2 cm long coated

ﬁgggag. Upon {msersion, the stem passed up through

()
: platinum vire directly to the sample. Platirum electrodes were not :
* arface grord, ot were degreased and rinsed as above,

N :
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- corrosicn. - has, gg&sgsﬁgﬁﬁcﬁ;s
. .5:&...%&&88:85&8 ?u&!ﬁlugg;
nﬁg&g?aﬂnl an %gﬁ B \uonq B
o for alloy ¢-276 g%u&\ﬁ!nﬂzﬁ.ﬁ! .ulus..gnl |
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" The existanos of a biofiln on the sasples frum the retural seater
| fgfxéggigags%
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by toxich and iz visible 't the naked eye & & transluent brownish
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3. Aﬁi.gn.gvgﬁgﬁngng%g
the corrosion potentisl of the "bare® electrole. At the one day
exposure point, inficsted by the first of the thres’ dashed verticsl
lines on ‘the Pigure, 20 ml of 0.1 M sodium azide were adled to the
sewnter. This addition prodwced mo messwzble effect n either the
disalved cuygen concentration ar the P of the sesater.
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to shift in the richle directionl™8, .98. results also confirm that

of the natural water. . Moreover; the filtration: process does not ,

sterilize the water but leaves it with a greatly reduced becterial
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TAELZ.1. MNemiral Compositions of Materials Used.
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mncan CORROS ION RATES. OF AISI 316 S‘MI?{LESS STEEL
' REI-DﬂENTS In THE MARINE ENVIRONMENT DUE 1'0 BACTERIA.

Dowlins. N.J.E.Y, Lundin, C.2, Lee, c.H.2,
mmmn. M.1, and white, D.C.}
Iﬁatttuth for Appucd mar'oblology. tlﬂivarstty of
- Termesses at Knoxville, TN 37932, USA,
nltcrlala Sclence and Engineering Dept., llnherslty
of ‘I‘em‘iuaee at Knoxville, TN, USA. .
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scunlou ateel coupons or urleus typaa. 1nc1ui!1ng

. uutmnoua weldments, were sublected to bacterial attack ih

airtificial’ auwitcr and sofitored uslu ‘slectrochenical
impedance and mn amp}l {tude eyclfe volta—etry. t!nponaned

_oupans with a heat-affected zone (HAZ) were attacked firat

snd appeared to be the most susceptible. ‘The corrosion

‘mechantsms of the different couportnu me ahm to be

very different in mtwo.

" INTRODUCT TOK
Serious tsnms of several sl 1cya due to

-imbxologleal attack huo ‘been oboernd in induatries with

Aexmtrc to mtmted water, mcu !mu imludod bot.h

‘cimulnun; supply and atcm;tin; syat-s wch as dud'ended .

mnouey Mpiu (Kobrin. 1976. Tatmll. 1981 ). No

establ 1shed, «ntr;l hypotheais tor tne corrosion ot unls
by llorobnl oonzortn has yet deen uropoud and tuted.
Senral .odela han.;hmvor. been 'a"uautod ror lndlvlduu

nmn (Pop‘ Ut tls.i%l). ‘mou m;uttm h"e revolved

mlnly around t.he ior, tradnlom orgnnim meh u

aulphate-reduclng baot.ar'h (SRB). lcld"producing ternentera.

and lron‘oxldizing t.hiobaclln etc.

Although corroaion due to {ndividual strains {s well

established, the location and {nteraction of thoau atrains

within a blofilm 1s not, Hamilton (1985) has elucxdated the
wodel of ‘SRS which sre proucted from oxysen by oxygen' ‘
reapxrlnx umbes. Thus m & bxoﬂlu SRB are t.b be tound )
asscciated with the oxygen depleted uul turflce concealed ~‘
by aerobes snd aerotolerant remntera. . The oorroaion

produced by such a cmlty therefore hn [ 1) luch to do

_with the urobos u the SHB,

_Corrosion due to atcrmaanions‘ téri‘dh to 6ccur at’
dtur«t sites and "gmenl!zed oorroalom". as’ ompuucd
by alloya in lov pﬂ mvlromnta, is a rare ovent.
Pcrtlouurly prcltmnt. mng the atte—apeolﬂc fallures luve
bean uelmm.a. In thu ar‘tlcle uo Mport. t.he rapld .
deterioration of aom nutosenous welds ‘(without ru ler ‘
metal) in contact with athtun of mmo nicrornniua
froa sediment. k

| EXPERIMENTAL

Several otainleao owel coupono were tabrlcatod for
trhl ngnlnat nnulected urine bacteria. ‘mean coupom
vere of 316L Ruclear Gride naurnl : € 0.016!, Mn 1.66%, P
‘0,02%8, S o.ont. S1 0.A7%, Cr 16, 3:. #1 10 13(. cu. o.1a$.
Mo 2.11%, Co 0.21. N 0.05“. The anoy shéet m obtamed
from Eastern Stunlou Steel CO., ?utabmh m.. \}SA.

The types of coupons tested 1neluded autogenous welds in the

A SaE S s oas aas
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‘remairider veie

aa-welded cqndi r.ion (A,H. quol&ahed veld) 'pqltahed (sgo

ferrite content in the rﬁaéd sone was 3.8 ferrite number
{Fa) nuaured by Hune-;hce.

oupons vere ‘embedded in emxidq resin and

plsced in the mto- wall of two (15 ¢m £, d.. 1= L)

polmobyleno plpn. m coupon strnm,wen,me rlugh
with the inglde \ull of tbo pip;a. Tlunllﬂ eounurf
cuctrodea nnq ealoul rererom blcct.mdes were provldgd
for ‘each coupon (figure 1), .Ip--u., 18 eogpgna wire
exposed, 1n the two plpés ith thres.replicates for each
ocondition (sée sbove), t& either n.‘o;-i'l""o or inoculated o
wedia, The pipes wers Wonltored during & fourteen day
exposure perfodl for H, orginic astd content (volatile fatty

ac‘iéb‘)'an’d m.-bon of auspnddeol 1s. The coupou were

nrioﬁ!cally examined by optrcell pchntln.

oloctrochnxen in’edmco :mtrc‘eopy (RIS),” and mll
-px {tude c'yéuc' ‘v‘dl‘:aﬁtry sacv), rmny. séue of the

coupons’ woro aubject.od to. ca\hodlc pohrtut.lom te obtnln

vaiues for Toert ihoess’ Tarel paraeter. e

al lﬂbh. for urraco analyels.

' Eléctrochulcu mdmoo nulysu vas earrlu Gut uslu

8 501artr6n 1250" rr'enu%ney résponse analyner and ?206

pot.antiosut cqntrolud o i noueu-nema 310

niicroéoﬁ:putor. Frequencies between 10 KHz and 3 iﬁz»aer'e

salected with an interval of 5 or 10!decade. sxgmi

-

uputude was set M; 5 sv ras. sncv aua\ré-enta mc

carrled out 3;1 unoatatically vlth a uxim- smp or 015—-8 B

) Alpa. at 0.2 av/sec (oquiulent for tho syato). Cathodic

pollrizatlon aueepa anrted at the open-cell pot.untu), lnd

proceeded at 0.2 lV/nc to -o.a v. o
The ledu comtatod or t.he rollovlng (;Il. dutuled ‘

wat.er). rihroua cenulou 2. cellabloso 1, ohlbln 0.125.L k

yéast ext.uct o.l. aurcn 0.5. 'Inatcnt Ocean" (Aqu-rh- .

‘ayat.-s. oma) 30. co-pux vm-ms (Downng ot n.. 1988:) )

and trlce elmnu (Prmig et ll., 1981). m.r topanu
autoclning ln hrsc glm naaals. :ho pﬁ or tho mlcd
media vas aﬁustaﬂ t.o 7.5 vith ateruo l¢2c03.

V Inocuntlon waa of tho orpnlm thlt ;rw rrc- an .

inoculv.- or 10 nls or black sulphldo-rlch urino udlunt Sn

& tcstntube ot‘ cel lulon/chiun ledu. .
Orgcnle volntne ratty acldu produced by t.hc llcroblota

were -onitored by paeked colmn gns chroutop-aphy miu [ -

Schiudzu 00~9A with 8?-1220 packtnc (Supclco. nonafont.o,

PA).

The syste. was at,eriuzed utth LI 2 tomldthyde aftor
which t.he 1nterlora aero wutm! wtw stcruo diatilloﬂ

vater. Steruit.y vas mintalned in the control pipe by
intmducmg 5 ﬁH oodiua uzlde. ‘

\
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| REsuLTS
' m tluotmt!ons in open cell potent.ul are recorded in

t’iguro 2. lotably, by day 3, tbo potontul of ul the

) momlaud eoupom rell t.o n'olmd *0.!8 wsca. lnd suyed m

' thlo remon for the durauon of tm oxmlnnt. wnue the '

uterne eouvons re-axned at. lpproxlutely -0.05 WSCE.

umu tho pomtlll or tho n-\nldcd coupona oxpoud to

. b‘cteru deormed to —0.51 wscs withln the ﬂrat 2‘

- m». thc\potmunla of tha th. pouma ooupons did not

‘achieve those low pottuuals ter 2 turttm" 28 hou-s in the

mo or tho poluhod uelds dnd as hoort tor u;o buc utal.
i :u-try of the evoluuon of uu polariution

nuaunco (ltp) of the coupous la proooutod ln tablo T

Nmas 3a tnd 3h ahov tho dirrarmou oburvod in llpedlnce

’ f'Or tho dlfforont eoupons npoud t.o tho -uroorunlua at

. dnys 1 nnd 8. ngﬂ l co-pnrca the lnpomnco of the

pouama me‘ -em xn atcrllo ama lmulatod ooncm:m n.

“day 12.° Aftcf'.eight days oxposuro to the aruncul '

) mwatar. Mgh froq.xency capcitiu 1oops wcr'c obeerred m '
" a1l the cwpom exposed (ngu-o S). ltp ror ttw oterue

" coupons’ “ers oﬁiy obulmd by sAcY dw to the nry lar;a -

resctance or A on uell ana the dlfﬂcultlu in

‘using extrmiy 1cu frcqucncles (< 0.003 Hz). ‘rho Rp valuee

ror che aa*velded coupons 1n the preaence or the mlcrubes

"llons the rualon line in the. n-uelded cmpona

shaved a repid decrease {increase In corrosion rate) -
mimicked to a lesser extent by the polisﬁedicoiapﬁﬁi"(déys 1
and 2). After 3 days however, the polished coupons appeared
to have uniformly lover values for Rp thin the as-welded '
coupons.. 1n all cases the small values for itp indlcated’

that the corrosion rate vas faster for the inédulated than

“the sterile coupons,

~ Organic ccid mlysia showed ttut ‘acetic ccid and -
butyrlc acld vere produ‘ced by the ucum durlu tho.
uperiunt in the following qum;m«as and low pn £

. D&I aceuc (ﬂﬂ " Butyric (ﬂ) pliv :

8 2.5 1.6 nO3
12 2T . 3.7 - S 383 L
w38 T 386

musla or ‘the stcru?e ayat.n ohoucd xw dotocuble -
wum. t’at.t.y acids and a p& saintained tt 6.3. . )
nlmplccl oburntiou of the lmoul;ted mia (day

1%) by phase contrast usmg & Petroff-Hausser eountln; :

_chamber showed 6.6x109 cells/ml. Thé lmrfaoe of tho eoupona_:

vere inapected at 100X and 200X arm— resoyal fiiom the

Stpes, Seversl globular type oxide depasits ver obasrved

carerul .

-lamoplcal emlnatlon revealed that m 5

_ were atmk«d, rqaulung !n heulupherleal 1S (ﬂsure 6).

More of these oxide-depleted pits were abmud 5?99‘9, o

coupons exposed to the bacteria than those in sterile
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condittons. lto such rauures uere seen on lny ot the T

R T ST T 0 g e oass
ponsbed couporw. ’
BLSCUS&IGI Co R
huuu or \nlds ln ruv uatcr ayntus duc to «
-ieroblploigctl miontlon is a considerable problem. -

. Unfortunatély HIEt1d work his Tocused upon this srea and

BGEt Gf ‘that has:been in the natare of a case study (Kobrin,

1976 Tamll; 1901): - mx Lw‘.’g‘icp; analyses d\oietm_tg
mtenliic (h&-«nﬁn&%b&lc) %t'nnl"éu?s'teu sare.

-mxuw;u lon nm «mﬂu On L urlubhl

(mak tdptram. : _
cﬁoung cu.) m 1: ﬂu vo).cm; process - (Lmdin ct. al.. .

Uou utax mmluon. lnd nto ot

1986).. Weld: uuttihum 48 wtleuhrly u-ocutcd w;,u!

the mt. cf!cem m (uz) which vas mqunt iw tm velded:
) ml“ af tMt 't.“y. '.‘:_.1‘ e A N N

In order to. Mu eorruiou »y nioroblal eononn, ’

complex, 1m1u§10 um.m vere v.nu. »(qg.»ul-_u}oqy

and cnitin).” “Thete sibetrites ‘ward alloved to Vaecum‘m' at

tln bot.to- er un ﬂm wsu the unrlunt ‘a8 tMy hl;ht,
when . plpt $T T ﬂlm to fnu stagnant. ‘In auch a

‘emitioag ds M_t.c m rapiuy at: m hattol. .

Thus "nsptm prue u‘ny wn tucfrute eorrcalon

problus atger *fanxnc m o mnmim.

" ¥neé evoxutlou o he 6900-«11 mmia! (ocr) lix an

* coupons. An or the at.erlle ceupona ma extrmly M;h

coapons (f‘igure 2) shawed mat the wesence of the bacteria
decrened the potenual in .n caaea ‘to nround -Q.IB -VISCE 1

vhue that. or t.he aterue coupoms rmined reltttnly»

conaunt over t.he u dnys. ‘rm OCP ol' the uweldcd eoupona

chmged vlthln t.he ﬂrst 2& bours vhlch mdlcatu uut lt

‘was more luﬂeeptlble to !nlthuon or corroaion m tm :

poluhed welds or Nu uttl. .

EIS conﬂmd mt the A\l coupons ven utuckod durin;

the rlrst two dnya by t.hc uctcrll by dmlns s iul lcr lp

nlue.. Arter- thll 1nxt.u1 perlod tho uornp eermtou '

utw of t.m poumd ourrnco eonpom (bm.h wu«d m buc

metal) vwere hlmer problbly duo t.o the urnr uru

unprotected by chrosium oxmn {-o-tly Cr2033 “‘“-' "M"“ .

" were ohurnd ln thc qu. ‘tmu tlnts oonm s simlnant

proportlon of thc turtaoc arn or tM wwlm coupom and

have b«n lho\m to artect. tlu eorroolon bamuour ot variousk

uustenluc cueia (Kurm. 1985). EIS nnwmnts urnd

nll with thm obtuned Uy SAC\' at lou naeun«a. houour :

at very Mgh rncumea there are dtmopﬂmlel utmr: tm .

‘ t.vo uctmuues and more reu-ncn vas ylaced on SACV

(Hacoonald. 1951). Avcrm eurroalon ratu m mt mo

veoupons in t.tu atoruc pipo corrocd slouly oonmgd to

" these exposed to bscteris (table 1). smmzm 'or--tm zis

dug'ua uhoued uuul conasstant llrrcuneu bttwnn the
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‘reactances. provzdms only a smu aecuon of the theoret!cal
' laem.o!.r'cle cbtalned by conplex plane plot (Bmolins. 1988b). .
meae could uot bva extrapolated ta the reul ixis due t.o the
Mgh error mvo; ved lad valuta {or Rp \m'a thua unobuimble
by Exs (tauc 1). ln mtrut, the oorroalon ntu 1n tho
‘ mocuhted qoupans wern hlgh cnou,m ao extnpolttion m ‘

,prmxnu md . uuomble value for Rp ob:umc; rxm X

mowa the contrut bnt.w«n ponamd mo -eul tosm in

" sterile and. mocuuua concmom.‘ mo nu-um onthe

ciapu shov mt uit.hout tho baeuﬂt tho rueum u very ‘
nigh-even at mzn'mmcm such uﬁt.o He The
lnocuutod coupana honur provldo aurﬁcuntly lcu

mcume to obuln aa acou-ato cxtupohuan for p,

_-onour t 13 poulblo to obau'n thlt r.hc oorrosion

mniu u eommonbl,y nare eapux u\m Jut a un;u
uuc!tiu 1009. ‘me lmr porttou or . uoend uncit!ve
loop uith lughnr ruetu\c- than that usocuud wlth the

aouble uyer capteltam nad polarintion r‘oalttmce :ppurs

at fr‘equenc!ea lnas thaa 0.1 Hz. Thia ny bo ‘doe to

adam'bed corroalon producta. hmver no such umctuu loop

apmra tu bu usociatcd vith t.he u-uol«d eoupons (ucura

). o )
lt eeua l!kely that the eloctrochnlcal phanouem

and i.npudance dugrm uaooiatcd ulth l-.he doubu-iaw

. ‘capacltance and ohurge t.ranafcr in the aruelded eaupom

were affected by other events such a; oxide tinting of the
aurface m;id some gal vanié §orr;oslon due lf.o Vil'lcrosep'egat;lon.’
These’ and other differencen qith the pol ishw :ci:mpons
undoubtedly contribute to a significantly different
impedance diqgrn. ‘ ’ ‘

A'rte'rwa days s high frqueacy ioop san observed (figure

5) with capacitance of approximately 10 uF/ow?. This

capacitive Loop occurred 1n all the coupons examined and may

iuve Soen ﬂu to a film forﬁt!on and ‘ayppunyd to bc
{ndependant of microbiological effect, . . o
Examinatfon of the as-welded coupons by incident-1ight .

atcroscopy showed the presence of oxide deposits in the -

fused zone which may have been excavated by decteris {(rigure

6). These depoaits were produced duriag the welding process
(Haiple, 1986) as slag and scted as pit initiation sites for
the bacteria. The deposits oocurring on the coupons exposed
to the dacteria occupled heaispherical depressions
undernesth which s p{t had forwed.

This work shows that the presence of becteria

" significantly increased the corrosion rates of 316L

stainless .steel coupons. The major eormupli mechanioms may

bo related to the production of acetic and Btyric acids -
which vould lower the local pH. The results demonstrate

important and reproducidle differences in corrosion - .

‘mechanisms, the true nature of which cannot be deduced from

10

A e

mavie i
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. tm‘.-;' data. Further ez;;erlnentat.lon uust be: earrled out

1n leas c«nplex gsyabems to !dentlry and explain the

dlrrerent ucctrochenicu menonem obaerved
teu’iwioagmnu '
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.fablg 13 Summarv of the values for the polarxzatxon
resistcnc- tRp) -in ohms (for 4cmd coupona) obtained
By, ilectrocrmmical 1mpedance spectroscopy. (EIS) .
‘ i€ vqlt-mmetrv tsacw over.
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A videla and a. ‘Erauskin®

X !‘&culm de Cienciu Exactas,
% 16 suc. 0 - (1900} La Plata

n,ln 2009 san S,ebastiin. Spain

/10 copper-nlckel almys
¥{de solutions. Two differ~
eudosionas And Vibrio nlqimlytxcua)
%1 T8 lised. The ‘corrosion behaviour .
of ‘the- alloy was “wendi hrough corrosich ‘potentials. messurements
made in m:n. -and mmlmﬁd sea water. Well definite microbial
. ooloniu ware seen by SEM after 24 hs of exposure. Corrosion sttack
seems to bé clogely ul;tc& to the passive film modification by the
bacte:hl uttlmnt and w tha nsture of esch alloy.

XHTWION

Cogpor is cxtcn:iuly uud 1n tho utim mimmt as an anti-
i rtiu. In its alley form with
nickel) it offers an in-

Elfouling properties due to

:mxon ruhunt watal
4 complex behaviour with

hiy to. the physicochemicil;
Icorrosion products. formed

. .
i Large numbers very soon

a watar producing 4 slize

r polymeric: substances

usuany reported to be pro

- tial vatiati A5 were | ana ysed together ith s:-:n ohservistion of the

L «r.-ru;r

,del Plata aotlf stuh\s were uinumed .ln nutrient agar plus 3% .
. csd - -1

" 90/10 coppei nickn sqiiare plates of

:in such as gpeciu of the

MATERIALS AND METHODS

two different strains of wicroorganisms isclated from pbl.luted
harbour sea watér were used: Pseudomanas sp. and Vibrio alginolyti-
cus. They were kindly supplied by Dr. Luis Monticelli, INIDEP, Mar

S .,q" I 5
Jof muichl sea water, Atto:: 1nocu1ati.on t.he £1u)cs were lupc tor
“thres bhours in a rovsry shaket . ﬁwtum: static conditions were

' ; choson for microbisl grewth. mockh weré prepared by -uapenﬁnq

agax. siants cultures: in, equal volues ‘of 2 ml artificial sea water.

. Thesincubation temperatiire-vak: 26°C. :Growth b the flasks ‘vas moni-

ams 7 nn dianut and
VX 5 mm embedded in an epo-
xy zesin. Each flask was provided witl 6 matal probés, three ‘of them
to be used for ucmfwnng cbservations and the other three were
provided with electrical contacts to méasure corrosion pot'uthl M
ditionally, redox potential measureménts were made in each culture.

- Both potentials were referred to standard calomel electrodes. “In si

tu" measurements of corrosion potential were made with samples
placed in natural sea water at the Mar del Plata harbour, Argentina
{38%08'15%s; S7°31'18°W).

Before using, metal samples were prepared by polishing through
different grits of :ilim carbide necanutqical paper (320, 600 and
1200) and £inally, with alumina paste (1 um grain size).

: Metal probes. were taken out of the flasks -for SEM cbservations

. after ditterent cxpo:uu th\n tmqinq t‘m 1 to 7 duys. In order to

 presexve hiologi.cal material. spoci-enl were successively fixed with
2 glumlldehydc solution.in phoapblte butfer, disalted in distil-
1ed water, dehydut:ed throuqh ‘an acetone series to 100% ‘and finally
critical point dried. To obsem metal attack after exposure, sam~
ples wers polistied with alumins (1 =) for removing the biological
and inorganic products from the surface. Later,- sanples were cleaned
and degreased with acetone and finally rinsed with distilled sea

B vuter. ssn obsezvations were made uainq & Phiups S0S microscope.

RESUL'I‘S AND DISCOSSIOH

Corrosion potentlal mn\xrﬁmnu tm both 70/30 md 20/10 cop-

‘ peyr-»nic.kal specimens imrsed in sterile artificial sea water showed

potent:ial values close to ~ 0.20 v: (Table 1). Conversely, corrosion
- potentidl meaaurements made~ on T70/30 copper-nickel samples lmmbated
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\in artifx-

cial sea water show d

pared with the: stenle media.

. Pot;ential tures oscillated
between -0.27. 0 copper-nickel
corrogion pote i g at c.a. =
-0.24 v." a : ‘

Through S| ;- after one day of

‘iog\ies can be seen

on the 70730 Cu-iti.
number of bacte

cells appeared ‘in a )
cellilar pouuericl

repott.ed that the qu ﬁq 3 ' /3lime 1ayet may OC~
cur frequently ~nicd - the film thickness
may vary with ¢ . ed surface .{3}.
In the-case o m/lOreopper-nh:kll. q’.' & great number of
colonies can bd ‘obseried “{F: : areas with cells

.. 4) Additionally,
t 2 unoy, the surface

o Copp'r-nlckcl' uplu éxpoud to-v nlgimgzucuu cultures show-
«d & simiYar’ sppearance to that mpozced for samples’ enpoud to Pseu
dmnu cp..caltuxu. m Lneipxmt eoloa&u tomd salnly by Ep§

! 1 he suiface after 24 hs
oniés ‘was similar al-

o! EPS 11!_xked bacterial

cells. (rlg.

cbserved for 3._;11;:
ntly peported for mild
that this microorganisa
cormiocs by removing &
apeciet present in

rved in mild steel
- vi gnlgimlzum After
cleaned, theu ‘was intense attack- b‘euath those colonies. -

" Redently’ reported chewical and ESCA analyses of. eoppet-nlckel

T alloy ‘mide with metal samples stepped in the vec,init.y of ‘the corro—

1r5~n potentia! value shwed ‘a cm-plex passwa tilu l!a.inly composed

‘sea watér imrslo 2 porot:

. the sloughing offof the

mre. Pseudomonas sp.

oxide and chlorj.de and a potous outet layer formed by precipitated
cuprous hydrouchlonde (patatacamite) (). Duxinq the first days of .
and’ discohtinuous . layer of paratacamite
can be formed on mpper-»nld:el ‘samples., - Bacterial contaminaticn could
iead to the 1oss of passivation mainly through a ‘wodification of the
rate of oxygen dufusim thrdugh the bacterial slime {6, 7). Addition
ng. distiibition of cells and cormion products could
modify the passive film l.dhuion ($). — .
According to the present’ tesultl cormion yotential valnes ob-
tained in the cultird media ind"in situ" measurements (1} show simi-
lar tendencies . ‘to that . obhlnad tcrt ltal.nleu steel in the presence

of localized attack (B). A decrun in the gorrosion potential meas-

ured is due to pol;:lzinq curr‘ntl squl.iedby the . localized corro—
sion areas. These eventd are not obadrved in steérile sea water. SEM.
observations reveals a different passive film structure under the

- colonies in . the ‘case of nmples ‘axposed to culture wedia. A complex

corrosion pitteérn can be expected tor copper-nickel alloys in the
presence of blofcmlinq, uin}.y  '£0 the. pmsenee of localized and
generalized corrosion occut, multanscusly and p iting a more
intrincate diatxlhutlon of Nicn ‘products - Lnyeu.
nicmblquy-mduced rmioa Beneath biofilms .involves electro-
chemical cell tomuon dbm of- pusivity u:oording to
.wmxm layers. These effects are
clearly evidenced” thiough the  highly warfable corrosion potential
obtained for 90710 and- 10/30 copper-nickel sasples éxposed to V, al-
ginolxticun inocnlatoa udh, in eonmst o ai-ihr measurements -
obtained with sterils- controlsl -
In the case of .edn tnoctihud with Meudmnu sp. ‘and 70730
copper-nickel samples, wider vn:uuon in potentisl values and more
intensive attack than in the case of 90/16- coppn-nickel alloy were
obtained. Thus, the nature of the metal :urtaca and the type of bac-
teria play a nlevmt zold in the tqlation betveen blotuns and cor-

- m:ion. o
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1 .\ﬁtqat TGalture nedxa + 3% Ract
79/3° c?“‘-‘ll Y‘,v 70/30 Cusi “alloy. 90/10 Tuni alloy

0:19 Tl PO
~=-0:198 - 0,246
. o;zgp - 0.345
-:g -
- -

1

Time/

o;nn clrcutt potent.lal/v

Artiﬂchl Sea watar 1nocu- Postgate C culture redia
lated with: : 4+ 3% NaCl inoculated with:

hours Pse udomnu sp. V.alginolyticus -¥. alginolyticus

10/30 90/10 70/_30:'_.__Culll alloy 90/10 CuNi alloys

O S KN T R T I A

. Fig. 1

Fig. 2
Figs. 1 23 SEM lictophotoguphl corregpondlng to 70/30 copper-

nickel’ alloy specimena after 3 days. o! ] rsion in a Pseudowonas sp
axlturo (7000!:1\615000 X,.. -

Fig. 3: smt li.cmphotoqnph com-pondinq to 70/30 'eopye:-n.lckelA
alloy specimens after 3 days of immersion in a Pseudomonas. sp.

" culture. Bacterlal colony was removed (7000 x).




rig. ¥ stﬂ :S.crop :
alloy speciu after 3 dnrs bf immersfon in a Pseudmnas sp ‘cultre

{2000 x: .

(4500 x).' .

rig~ szu ﬁmpbotogﬂph msponsling to a 90/10 coppet-nickel
rsion in & Pseuddnm\u 69 culture Co-

ulloy specim ctter 1 dar a
(3500 s SN e e

Cese -

alloy speciun KLter

?13. t SEM mi&i

ug. 8; SEM -icmzogrnph mm:paudiuq to- a 90}10 eopper—nicgcl

G

alloy specimven after 3 dnyl' ot lmum ina V. alginolxticus
culture {7500 M), " =

Fig, 9: SEM nicmphotoguph cor:esponding to a 70/30 copper—nickel‘ .

alloy specimen after 7 days of fsmersion in a ¥.. algim:lﬁ
culture. ucterhl colonies were removed (450 X}, - ]
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; » laced into uinul,ly

'ljl'y the first organ—

aerstion,”*
Ct llq‘

copper foil. In this

b aimn o e et e

per can .be alteted by t:b

paper we will: dewnstute that the lechmlsu fot che corrosion of cop-

species can impact

bially -sduted electron ansfeu betmn covp,: :

corrosion.

METHODS AND MATERTALS - .

" Bacteria

A 8r‘u-negative md—'-haped bacteriu wn udlltcd from s surface
paintcd vith a coatiug contaiu(ng wpmt ox:ldo md trihtyl tin oxide,
The surface Ind beeu expoced ‘to the url.ne emirouent cf Key lhcayuc,
l’lotida, for a pu-iqd of 6. mtlu. ;he -tetmgmu permested the

coating «ul could u (m& on the aurfacd of th¢ paint, as well as ia-

‘blisters benuth the p‘mt. m otmin m holat«l and cﬁltund

uning atmdatd ucrobioloclul :echniguu m gt'ovth sediue  was

sterilized Culf Streem nter (3. S m’o ey mg-cnted vtth 1. leo

c

aomonium added as ltﬂ“ ‘sad Ix10" -5 M photphate ndded as X “1”4’ 70 ppm

o (11 added a8 Ouso‘. md !xw 2 " ot elthet glucou or glutmu ".

a sole carhon sourcc. Oumim tbat atuchod o metal surfacen were

00 ml magneticslly

 medis v!.th [ 3 flow rate of cn. 20 ul/h. k copper electrode was cut from

L' polycrystalune rod utock (99!‘pure uartz grade) _enb,edded in epoxy to

presence of -ictoorg.nism and that wicro-

onutnin; almn: 300 ul of
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e der gterie

culture for an “additonal’ 183‘

o clmc. ae weil as cormlou current. :

" enriched widia

LaRNe s
ter- of the' veuei wfth s atunteii cﬁ(tm’l reférende’ eléetrode (sce)

s
and phttnun milhry eIectrodu. corrosion experluntc wei-e conducted

_cmﬂtiohs ‘tor BUE T “and "then utnuiued as a pure

.y‘.‘ Qiadriplicate sets of polarizatfon
ruistm hel were eenucted st I-day’ tntérﬂh vlth a high i-pedmce
potentiuttt. muunmn were ‘mide - A’ the nixed potenthl region,

(.e., Ty thc vicinlty of thl ‘eortosion potenthl. Polariutton resist-

nnc.t dn u nrc mlm& hy mcmm to provide lnodie ‘and clthodtc Tafel

mplﬁ coppgr 'elcctrodu. nu syotu céin be u-ed to evalute cht elec-

trochtuical iqact of licrobiolostui lpeciec lﬁd ludividunl nbiotic

chniul pcrtcrbatim on ntnl electrod«. It ccunistz of ‘two co-nn-

nntl (el-etrolyttally contlnumu Bt btologicnlly i{solated) exter~

7 muy cotmeeud to * gero rulltmce ul-eter (ZM). ilhen efther of the

cowtrtmu u perturbed Mologically or. ablouully, snodic and
cathodic  curreits afe utsbluhe& An anodic current indiéstes oxtda—
tlmv cathodic cumnt re&uction. ﬂ\e extent of ‘the 1quct is reﬂect-
ed in the um(tude of the obtetved cutrent. Hicroor;anuu were

cllo\nd to- eoldul“ thc thtroth 1n one of the coqcrt-mu. ‘and the

cloctrocb«lul 1; ~~;o€ che!t coloniutian uuurd uing glucou—-

Cand’ 'gluhute—ehriched wedia. Asrobic conditions were

“maintained by bubbling sir’thfough the médfa. Wictoseroble conditions

were mafntained by “bubbling Tﬂltfqg'hn“"thfough'i the ‘electrolyte. At the

conclusion, electrodés were examined wusing scanning  electron

sicroscopys

Results

In efther sterile or inoculated glucose—enriched seswater wedia,
the copper elécgtodt surface exhibited a reddish ¢olor charscteristic
of éuzo.' The electrochemical parameters of the stirilé sedwater were

-2

essentially unchanged in the presence of 1x107~ glachse (145 days). In

the preseace of glucose, the bactéria (183 days) fincresied the corro-

" sion rate of copp‘.r ss indicated by an anodic shift’ id‘tf"eor't"dcloo poten—

tial n’luu» and vﬂectufl«.id cathodic Tafel slopé (Tadle 1). A thin filw '

of bacteria was found om electrode surfaces at the ‘conclusion of the

- glucose etpérinidti.

" With the addition of sterfle glutamié acid to the seawater medium,

the copper surfaces exhibited a black color, which is characteristic of

Cu0, and the electrpchemical ‘:p‘ara,-e‘tei’c changed significantly (Table
1). Corvosion curremt incressed tenfold from 5 uA cw 2 to 52 uA cw 2.
After approximately 6 days, microorganisms colonized "the ‘¢opper elec-

trode, the ‘blacli'color was converted to red, ‘arid the corrosion rate

decreased to 3 uA éa l. Tafel slopes increased with the addition of

glutamic scid and décteiud sfter the colonization by-‘-'lcrobrgunicu.‘
A cathodic corrosion current wes weasured vheii the bacteris were
added to one compartment of the two-comparément ceil with glutemic acid
under microaerobic canditions. Cerrcafon curfants were typically 5-8 wA
-2 '
cm 7,
Several 'Qt_uututive<ob§'crvati.on| were made Cdlﬁ:ﬁfi\iﬂi the grm?\ of
the -icrodtganh- in glufaute-enﬁmced wedia. The de:obr’ymiu cbuid

oxfdize Cu(¥} and reduce Cu(YT) under sppropriate conditfons. The
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orgauls- had to be pri-ed" by grovlng uqder aerobtc condittons before

e cwld viaibl;y redus: ‘m(tn xo cu(I vhen 1:3 growth vu uhﬁf:ed to

a nicrourobic euv!raa-ent. ?ollw&ng thti lhtft. tlu bncteru deve1~

uped cph:tlcal bodiu ("cuptolon»“) u«sclct’d vt:h thq cdl vtll. :

‘meu bodi«, uhlgb mtntn On(t) i-pnrt to tlu coll . deep Ted color.

min :bnlty to. uduco o;(n) cfm 0 lnutobic ahm: vu lndependent '

ol ?«.’11‘.!991 1

mxuim the cogpcr,(l) fo comt (n). If !mnenr. 5th¢ cells were

ﬁnd m ;thnol_ or nai tniud:' t, ttmuturn belu 6‘0, m cxidution

ok, § 'uco -lovly even lu :h. yreunu ot oxmu Ouprm-u did notb

form tm:obiuny ‘h.n ‘the calls were gm 1n a ndin conuiuing

nictite 'y M Aelcezron te«pto:. Tlu -tcmrg‘nin does not

aeauul-l;c thA rcd lphcru whon gx:m on glacm. honnr. it does

a,__p_n' ‘tg)»depoott Mghly nfnctuc cuaper-coacnumg uterul in ot

nur thc uu v;n.

m- q,m

c‘sprouc oxi' .

. & eermlon ptoduct of covper nlloy'. ts co—only

and . an mmu. to mt!fouung gatntl becmse of itc toxlc propéer- :

tles co biolosiell sycuu. Reccutly cuprwc oxtde paint Eoml.ttom

. h-u beu mpphmud_wlth trnm:yl :tn to cu!uace :he autifounng

properues. Bovave he cmrlnntal surhce de.cribed in thh puper

. wu coveud vl:h a luuduat biof.ilu vredo-lnnted by the uolntcd bac-

teriuu. ‘rhc choice ‘ot copper-bearlng auoy. tor nr:ne service is not

qnly due to ita antlfouling properties, but clao becauae of its pre-

5

) dictxble corroslon behavior. . Desp:lte the undemtsndlng of copper—

seawater rteactions, the performance of copperfbeartng -alloys and

_coatings in seawater ae’rvl’ce‘ has not Lbe:enV predictable.. There have been

numerous corrosion failures of _i:opper :uiebmuter‘ piping systems and sowme

-of t!;ou' failures have bee_n at:_ri}dtqd to p;ctjpbtolngicn}iy‘ ‘induced

corrosion.. Generalized _'coppelt corrosion iwm .cglim’-olgtiéu) is depicted
in Figure 1. At mo&lc sites chloride ‘adaoﬁc to for- a wrfcec com-
plex, which relesses electrons thst are muuchle to tlu utwte
,;l-tu. ‘the tollow-up. nonoxidizing rencuoul give rise to cnptm

oxide. which {s the major componeat of the p.qnémsslvatiou on ‘copper

"corroding ia seavater, At cathodic sites oxygen adsorbs end then is
red'uced".'by the electrons supplied by the 'unpd‘le‘. sites. The possible .

fntermedistes say’ gtn“rhe t{a- other 'cmg'{eql reactions at ‘the surface

t‘ad‘ in the soldtion. In general corroaion, anodic aﬁd cathodic sites

are randomly diatributod and are interchmgcuble o\vet t!\e copper

lurhct. ‘rhey are separated in nguro 1 only for the purpose of :

11lustrstion.

Clucose and glutmte !mve been shown by other lkn-tigstou“ 13

to coutrlbutt subotmtlally to henrotmphlc sctivity to cosstal
bne!:ernl populations. ?or this vesson, these tvo uodel urbou sourca
were c’houn for cmttmw: culture bacterisl corrollm cmrxnnts.
Because culf Streu seavater is depleted in m‘+ and PO relative to
coastal uten. the sterilized ummter vas oupplc-utd with these two
nqtrienu. ‘ ’ ‘ o

' It is apparent thst glucose and glutaute provide du‘ferent envi-
ronaents for the microorganisms, Few ﬂcroqtgmla-p attached zo the
copper surfaces vhen. grm on glucose, Thick biofilms torhed on the

eogxpet uurfacen in the glutmute -edium. ‘The {mpact of cnbou acurces

P M‘,.-A:
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upsmiant 1y s

“pn mLereblal ‘aﬁhe-iﬂu hit been previouqu reparted.l,ﬁ' It {s also

s

dpp.ren’t thic the tao" cu&hn Aources pmv;de ditfergnt cortosive

environments for capper, Glucoue, a ’reducing .sugar; is capable of

“afWeathtng ¥ AntNET Uprous oxide (0u,0) £1lm. Glutemste, & chelating

“égént for-édpper, can dtesolve such a.f1lm and enhance -1ts oxtdagion to

cupric oxide {Cu0), Oupri: oxide is less protecttn to gormdlng copper

‘tham 18" cu#roua oxidﬂ. Gh:nuce in: the" ﬁ;crtle senntet sedium -
= usamaii tbc corrosion 'of ~copppr; ﬂaile glucose hgq;, no -\egny»rable

' tiectrocﬁtdal impact.  In-the presence of & blofilm, copper. cgrko-ion

iucuued 1n glucou -edu and decressed in glutnn:e udh. One

o lmemnta:&u of!' thu ruul: dght be that the .biofilm provided &

“diftaston “bariter to- tlutntc actd- slm!/ot - oXygen. However, the

decressad . m&lc cnd athodic Tafel alopn in the presence of tht

Moﬁ’h vl:h botk gmcm and glutautc are not. cmiltellc with such an

' mtcrptlutlm. They 1udiestc dacrnnd banicn to diﬂulou. i.e.,
incressed corrmlon. ‘meu tvo confucemg conciunlmu luucst . shtft
1o the cormlon uctnnin and & more coqpliclted situation than thut

: dcylcctd m ‘Tighre [. Tha preseance of the ﬂcroorgmin cither re-oved

the barrier to oxnon dlffulon to the cotroding turhce or chaued the

primary cethodic reuctiun uklng the preience of oxygen at the cormd-

) xng wrflc« mucnury‘

Vhen c-thodie lnd mdlc sites on & cortoding copper. surface are
not !mly lnurchantnblc (ng., durlng -icroblnl colmtutlm) thay

can become "pémnen:.?‘:avnmp the ;vo-,elqc;rode appsratus, it was

* demotistrated Ehst. tﬁe_hc’ter_ul.»ﬁola:e \was . responsible for cathodic
résctions’ st the eléctrode surface. These ob‘ur‘\gg"tlanq':tem sumsarized

tn Figure 2. Active metabolism fs requfrqd for this ‘,ui‘e‘rgqx_"‘ggms- to

nents.

4
PP s

oxidize or red ' nt:ted in the growth studtes. " Pur

theruote, c\xprosoms did not form anaerobically vhen the cella ‘were

,“ o

growa in a -ediu- containlng nitrlte n the teninal electran uccepmt.

-llltrite can um as the nink fot ehctrmu 1nvolved 1n the amctobic

oxidltim ot Ou(I) to Ou(u) This nec!mliu eltdmel the uqulre-ent
tar oxmu m thc cnthodlc cottoﬁon mlctim. m. mechanisn uy be

i-portmc in utu&rtue uteu -incc blcterla can oxtdiu au-onh to

© nitrite. At-oapherlc input uy also be s aoutce of uttrtte. Then

qualitative data are consistent with the hypotheou thnt cappet in

being o;ld!udfredueed by the electron transport chain in one Vof the
sites depict«l in Hnu 3. o

¥

nlctootgmim have evolved eubontc ays:e- of electm tnmport

e

)lnvolv:lug a urlety of uuh to aem mtgy nnlwlntio- requirc—

17,18 Yor eulpla, kon-oxtdtzlng hctnta dcrin enem by

tunuterring olectrm from ferrous lrm to uxym. 9 Sulfnte-uducing
bactecria obtain energy by trmsfening electroru from orxuic ucter or

20

hydrogen to sulfate as & tersinal electrom’ ucccptot. ..o:h ptocnyoteu

and eurcaryotes have copper«-contninln; pmteinu that can urn !n elec~

tnm trensport and ln unul redox rnctions. I'toteim t!ut coq:lcx .

COPPET can sarve as nnuible electrm dononlueepton in Mochedul
reacticne and sre tntintely involved in ccllulur curgy mipulatiom.
Soluble cu(tl) or u- !ucttruuy derind eowlmo can um u the

electron ncceptor for the athodic corrotion reacum. In the ’rennce

of dcmrgmhu, thu proceu way tmlvc »luue udox conpanentl:

and/or htghly uturated copper biopolyneﬂc cmle:em auocuted with

chnue tuna!er.
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| mer tndicatt t!sat :tcroorpnim ‘can .edhte elactm tnnuport “and

. lquet eomt!ou. ’

; ‘thic wﬂ m pltmd md '3 po‘ttloc of it couplecod by the lste
- u:. 801 H. Glmhduw, lomtly v!th tht !)ntveuity of tuui 1n rlorldco
mu:cu m rmm by m pmgrn chuu: S11530 1n nupporz ot the
Detcnu lu«rch seicncu m:rn. Ilerbert [ zppert. Ju, Progn-
ﬁ-mer. coutri.butiu u:nzszass fro- the Iunl ormn I'gsearch ‘and

unlop-aa: Mtlvity. .

lznudcz;s
l~ \i. & vot‘n. 1973. Nttyhytle nrine bacterh and. :he fomuon

o! atcrobicl tilu alu -urucu. In Ef(ect ot the Ocun !mvuon—

mt on mcroiﬂu ktiﬁti«. odu. l. R coluu and n. !. Hotita.

”. 39&-%11. kl ﬂninnity Puu.

: , alek H. carchc&ov, and l.. lt uéey, 1979,
tnfluence of u‘botﬂ t cmitim ot ntlm nu:rofouung. Appl.

Bm-lron. rﬂ.crabhl. 38 987-—995. ‘;'
3. Je D. A. muer, Ed., 1970, m.:mbul upect- of netsnnrgy,

Pe ll.’!. Auericau P.loeder Pubushiug Co., New York Rew !ork.

4. B. C. Bdvwards, 1969. The protection of Cu-Ni condenser tubes

with high molecular weight water-soluble polymers. Corrosion Selence

Yol. 9, pp. 395-404.

S. D. H. Pope, D. J. Duquette, A R Julum\u.\ &ad P, C. Wayner,

1984, Microbiologically 1influenced _corrosion of industrial alloys,

Haterials Performsnce, Vol. 23, Mo &, 14=18,
6. B. C. Syrett. m wechanisw of tccelented corrosion of cmer-

nickel alloys in: sulfide~polluted nwotcr. mtiml M-ocution of

Corrosion Engineers Corrosion 'ao, Ptpe: Roe 33, eaiqqp, unngu,

1’80. . ‘ ) C " ,
7. 3. ¥, Sates swd-J. M. Popplewell. Corrosion of comdenser tibe

slloys in .ulfide mtuﬂnntdd brina. lutioul Associaticn of Corrosion
lagimn (:otrociou '74, Paper Moo 100, Chicago, !lltuic, 1974,

8. J. P. Cridas and H. P, Hack, Sulfide induced comoim of cop-
per nickel slloyd. Nationsl Asseciation of oom‘n'mi 'a}-gmu Corto-

slon *77, San Francisco, Califorsis, 1977,

$. R, Tanks, 1965, Corrosion of condenser tubes with poliutid

water (Rep. 6), ﬁacﬁanin’ of Corrosion by Sulfide Action. Sumitoms
Light Metal Technical Reports, VYol. 6, Mo, 3. _

10, G. G. Geesey, M. R.vlﬂttelun. %, Twasks, P. Ko Griftcths,
1986. Bole of becterial exopolysers in the deterioration of metallic .
copper mrfacu. mterhh !*erfomnce. 25:37-40, . )

11, B. J. Little, S, ‘M. Gerchakov,.snd L. R.: Ney. 1987. A mthod
for sterilization of natural seawater. J.MMe, T2 19_3—200. ‘

12, S. M. Gerchikovf, Li Re ‘Bdéy, and ¥, Mansfeld, 1981. An improved

method for' u_ulyiic of polarizstion resistance data, - Co,rr'oulon

37:696~700.


http:1!:laeri.er
http:seareh.nd
http:aec:eptors.1bed.ta

o

e

'lﬁ. 5. M, Gérchliév; );."‘,J.. Little, P. Haéner, 1986. Probing
-ictehiolog!cuuy tnduced corroaioa. 42¢ 689—692. :

1&. | ll. Huritl And c. !. iuck 1974, uMelperature Inhibitian
of Subutrstc Upttu. ln Bttee: of the Dcesn Environwent on mcrobnl
A.c:idtiet. minuity ?crt Pteu. _Baltimore, Marylsnd, pp. 125-129.

15, R. 't. maht. nnd Jeo z. Bobble. 1966. Ute of glucou snd scetste
‘b Mcteru uad clg« 1& -qutte ecocyotc-. !cology AT:ART-464,

6. s. He!qlmey and M. rhtcher, 1986. J. o! Gen, Micro.

. l32:513~523.

17. !'. N lrock llology o! Mctoorgnmun. Prenticcnﬂnll Inc.,
mlwoad cum. M Jerny (197&).

m. 0. !.‘ ?.I\tnch, ﬂtagnece as an mrgy lource for bacteris. In°
hvtrmul nouooclndatry. Ann  Arbor Science Publiahen Inc..
Afn Arbor, Michigen, Vol. 2, pp. 633-644 mm. '

19, H. Hanert, Invutlgntmm o0 uolation phyuology and -orphcl-
ogy of Cailionells lcrmgin«, zhnnhrg. Arch, #icrobiol. w.m—su
(1968). ' | |

20+ B. L. m«, I. D. !n-hy. and L. L. Barton, An assessment of

growth yioldc md energy mpling 1a Desulfovibrio, Arch. Microbiol, -
117:21-26 (1978).

Table 1. Median values of electrochenlcal paramaters evaluated by
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is the corrosion potential.’
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Figure 1. Ceneralized copper corrosion it saltne solution.
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