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Effects of hydrostatic pressure on the corrosion of copper alioys in
sea water.

A.M. BECCARTA - E.D. MOR -~ G, POGGI -~ T. BARCARO

Istituto per la Corrosione Marina dei Metalli

.

Via della Mercanzia, 4 - 16123 GENOVA - ITALIA

Abstract . . :
The electrochemical behaviour of some metals was examined {copper,
zinc, 70-30 Cu~Zn, Nickel, 70-30 Cu-Ni) at various hydrostatic

Dressures.

By increasing pressure, the i of copper, brass and zinc increa—
ses, that of cupronickel alleyoremazns about constant and that of
nickel decreases. i

The increase of the corrosion rate with increasing pressure is due
to the acceleration of the cathodic reduction process for copper and
of the apodic process accelleration for brass alloy and for zinc.
The inhibition of the nickel corrosion was explained with the forma
tion of a passivating layer with a greater dielectric constant than
those formed at ambient prassuare,

Resumé

in a cxamzné le comportement électrochlmlque de quelques materiaux
metalliques {cuivre,zine, culvre-zinc 70-30, nichel,  cuivre~nichel
7C-30} & de differentes pressions hydrostatiques. On a vu que en aug
mentant la pression hydrostatique augmente la i du cuivre, du '
laiton et du zinc, tendis gque la i de 1'311z2§£ cuivre-nichel re
ste & peu prés constante et diminué celle du nichel.

L'augmentation de la vitesse de corrosion est due & l'accélération
du processus cathodique pour le cuivre et & 1'accélération du proces
sus anodiqgue pour le laiton et pour le zine. S
L'inibition de la corrosione du nichel est due 3 la formation, par
effet de la pression hydrostatique, d'un film de passivation ayant
une constante dielectrique plus élévée que celles des films formés

& la pression ambiente.
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Introduction

On the basis of fieldtests made at various depths in the Pacific
Ocean, Reinhart (1.3}, De Lucia (4}, Merney {5) and Gray (6) deduced
that the influence of hydrostatic pressure on the genera]zzed cOrro—-
sion was negligible for aluminum, iron, nickel ‘and copper.

An increase of the suscetiivity of aluminum and its alloys to pitting
corrosion and an inhibition of the localized corrosion for nickelw-
copper alloys was obsérved. '
This effect was suggested (1-3) to be due to a lower concentration
‘of dissolved oxvgen (D.0) in deep water (3 ppm) with respect of sur
‘face water {6-8 ppm}; this may be true for nickel allioys, because it
is known {7} that the corrosion resistence of nickel increases with
increasing D.0. <oncentration in sea water, but is not probable for
aluminum and its alloys that a low pressure have the same behaviour
as nickel.

Recently, Dexter (8.10) suggested that the hlgher suscettlvzty of
aluminum to pitting corrosion is due to the changes of pH and tempe
rature, rather than to the different D.0. concentration.

This phenomenon is not yet completely elucidated, as Huesler {11)
found that in a weakly alkaline environment the corrosion rate of
aluminum increases with increasing hydrostatic pressure, being con-
stant temperature and D.C "This was explained with the change of the
OH” ioms activity and of the corrosion products solubility.

Previous experiments {12-14) made in our laboratory showed that the
corrosion rate, of some metals. (copper and iron} increases with in-
creasing hydrostatzc pressure, and that this effect is enhanced by
1ncreasing temperature from 5% to 20°C.

This was explazned with the acceleration of the cathodlc depolarzza—
tion. process for both the exanined metals. but the true mechanism
and the amount af this effect were not completely elucidated. The in
crease of the corrosion rate of copper with increasing hydrostatic
pressure is infact much greater { » 10%) than the value that can be
expected én the basis of the changes of the parameters influenéing
the cathodic depola?ization pfoaess {equilibrium constants of systems
003“", HCO —, CO.; BO_ "™, H BO , HBO, =, 804"", HSO‘EI » ete.; ine
erease of %be conduct§v1ty o% the solutlons; increase of the dszu—
gion coefficient of d1$$01ved gases; decrease of pH).

All these parameters changes Jess than 5% at 1000 Atm with respect
of ambient pressure ‘values.

Some transport processes {dielectric re}axatzon, diffusion, viscous
flow, "normai® cqnductlan,_protonlc ‘gonduction) that are connected
with the hydrakion = of ions, their apparent ionic radius and their
mebility, assume in the corrogion process a great importance that
cannot be compietely foreseen on thé basis of the available theories.
This seem to be confirmed by the results of the researches of Horne
on the thermodynamic of sea wabter (15]).
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In order to elucidate the effect of hydrostatic pressure on the cor
rosion of variais metals, the electrochemical behaviour, sensitive
to pressure, of some metals {e.g. copper) was COmpared with that of
metals whose corrosion is probably not zniluenced by this parameter
{e.g. nickel).  :
Experimental o
The composition of the used samples is shown inn Table 1. All speciw
meng, polished with abrasive paper {from 180 to 600) and washed with

1

petroleum ether, were immersed in sea water at a pH of 8.1 with a

dissolved oxygen concentration of about 7 ppm.

The value of dissolved oxygen content refers also to the pressurxzed
water. The sea water in the pressure vessel had the same content as
that measured at ambient pressure because the vessel was pressurized
by using a hydropneumatic pump after removing all air bubbles. The
liguid used for compression was the same sea water. _
Temperature was set at 5 - 10 - 20°C {+ 0,1°C) for copper and alloy
26G (0T 70-3C} and at 20°C {+ 0,1°C} for other materials,

The pressure vessel used for the experiments was made of stainless
asteel (AISI 316) coated with alchidic resin, with the electrodes pla

.ced in the same position as in the_AST@_GB»?Q cells, and had a voly

me of about 3.5 litres.

The working elecirode was a rod 25 mm iong, B mm dia.

The counter electrodes were made with electrically 1nsulated plati-
num cylinders, :

The reference electrode was Ag~AgCl Potentladynamlc pelarzzatlon
test, measurement of the polarization resistence (Rp} and of the
electroae capacity (C) were made. The potentiodynamic plots were
obtained with $peczmens previcusly immersed for. 2 hours, in free cor
rosion in the pressurized vessel. -
A Tacussel PRT 20-X potentiostat was used, with a scanning $peed of
250 myV/h. ! -

The anodic and the cathodic polarization curves were chtained sepa-
rately, and polarization cycles{céathodié-ancdic) were alsc made with
the same scanning speed. :
The polarlz&tlon resistence and the alectrode capaczty values were
mgasured with a Tacussel Corrovit instrument, connected with a x-y
recorder. '

Potentiostatic measurements of the Rp values were made exther step
by step, by sligtly Changlng the potentials (+ 1.25, + 2. 8, & 5.0. mv}
and waiting for eguilibration, or by cyclically changing the poten-

tial {+ 1.25, + 2.5 mV} with a frequency of 0.1 Hz. The electrode ca
. pacities {C) were measured either galvanostatically or potentiosta-

tically, with cycles of 0.1 Hz, # 250 pa, + 1.25 mV or & 1250 pd,
2.5 m¥, depending on the composition of the sample. - : -
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Results and discussicon

Table 2 shows .the parameters of the corresion kinetics of copper in

sea water obtalnad in the experiments.

The R, ~% and R values_(anodlc and cathodic polarizstion conductan
Py p ¥ tE]

ce)} were obtained with semistationary polarizatiqp;pegsurements.

The Rp“1 values shown in the 3rd column of Table 2 are the average

of the values obtained by potentiodinamic curves, by semistationary

polarization and by cyclic linear polarization measurements.

In the two first cases the Stern and Gray formula was applied, in

the latter the method of Machonald, Syrett and Wing (16} was used

for the calculation of R =1 with linear cyclic polarization., The R ~1

values were averaged because their difference was never greater than

+15%. :

The i values {6th column) are the averape of the values obtained

by apgf§§ng the Stern and Geary formula to the potentiodinamic pola-

rization curves and to thé results of the semistationary polariza-

tion tests. The difference between the obtained results was never

greater than + 15%. The C values (electrode capacitance) are the ave

rage of the potentiostatic and galvanostatié results. The two series

of values do not differ more than + 10%. '

The results of Table 2 show that the copper corrosion raté increases

both with lncreasing temberatﬁfe and with increasing hydrostatic

pressure. The change of hydrostatic pressure seems also bo infiuen-

ce the physico-chemical properties of the passivation layer. The R )

and R, “1 values show that the cathodic conductance of the' electro’

de 1ncreases when the hydrostatic pressure increases from 1 to 150 Atm,

and that this increase is greater at 20°C.

The polarization ceonductance also increases with increasing pressure,

showing elther a decrease of the thickness of the passivation layer

or a change of its composition.

The latter hypothesis iS-confirmed by the electrode capacitance values,

showing that the paasivation layer is mainly formed by oxides {C =

100 yF.cm™2}, - '

The poténtiodinamic curves {fig. 1) show that the anodic process is

not influenced by the increase of hx rostatic pressure that on the

contrary increases the cathodic reddction rate (12.13). The cathodic

swaep of the potentiodinamic curve of fig. 1 shows two reduction

peaks at ambient,pfessure; at -320 m¥ {Ag-AgCl) and at ~700 my {Ag-

AgClL}..

At 150 Atm oniy a small peak is observed at -300.350 mV {Ag-AgCl).

The range of potential at about -300 corresponds to the reduction

Cutt wee Cu™ ., while the. ~700 mV region is characteristic of the

Cut——— Cu reduction {17-19}.

The cathodic curves of fig. 1 also show that Cu compounds are not

detectable on the surface of specimens treéated at 150 At
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.This can be explained by thé electrochemical reduction of oxygen on

the copper surface that follows the first chemical step (20).
Copper reacts with the D.C.of seawater to give oxide layers that are
easily reduced: :

Cu + }4 0, ~—= Cu0 1)
a b/ e 0 2
2u + % 0, Cu, {2}
followed by an electrochemical process:
Cul + 2H + Pe —wm Cu + HZO - {3}
Cu, 0+ 2H + Ze —=2Cu +. H,0 {4)

By increasing H+ conazntration, reaction 3 and 4 are enhanced -and the
metal is not passivated, . )
By increasing the hydrostatic pressure the H ions, whose concentra-—
tion and contribution to the overall conductivity are small in sea
water, increase their mobility more than other fons {21) and there—
fore increase the reduction rate of copper oxides. Cud and Cu 0 are
p-type semiconductors with many cationic vacancies (22-23). Cationic
transportation processes in the lattice (having a Pn3m spatial struce
ture)-are enhanced by the high number of cationic vacancies. The

-ezectronzc resistence is smazl because the electron transfer betwean'

Cu and Cu +'mns requires a small energy. Therefore, the decrease
of the apparent ionic radius of H+ ions, due to bydrostatzc pressure,
enhances their diffusion in the oxide layer,

Fig. 1 shows that the. contribution to the 1 given by the reduction
intensities of Cu’ ' {n —300 nV) and Cu* (a;w700 mv} is appreciatly
higher wpen the specimen is under hydrostatitc pressure. The 1n§enszty
of the reduction limiting current {ipn?, on the contrary, is only 10%
greater at 150 than at 1 aim, according with the theoretical caleula
tion.

The intensity of the limit current is connected to the diffusion
coefficient of oxygen by the relationship: (24)

iy = DnFc (5]
d\

where D = diffusion ceefficient, F = Faraday constant, c: OXygen con
centration in the electraiyte,<§ diffusion-limited layer thickness,
n = number of electrons passed through the boundary surface.
The diffusion coefficient increases with increasing hydrostatic pres—
sure, but up to 100 Atm the increase is about 6-7%. The increase of
the corroslon rate of copper is therefore mainly due to increased
actxv;ty of H ions.
the researches of Shams el Din {(17)on the behaviour of copper-zinec
alloys in alkaline solutions and our previous results (25) on the
corrosion of brass in sea water showed that when copper in the alloy
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_is more than 60%, the alloy undergoes corrosion in the same way as
mure copper does.

The electrochemical behaviour of a 7030 brass at different hydrosta
tic pressures was therefore investigated to verify if the same effect
is also observed at high pressure. :

Tabie 3 shows the main parameters of the corrosive process, measured
at %, 10, 20°C with different pressures. Fig. 2 shows the most
significant pélarization curves at 150 aim and 20°C.

The values of Table 3 show that, as copper does, the tested aZloy in
creases its corrodibility with increasing pressure, but, while the
anodic conductance of copper does not change,'both anodic and cathodic
conductance of brass change of about 20%, showing that both anodic
and cathodic processes are changed. '

By increasing the polarization conductance, the electrode capacity
for copper decreases, for brass increases. This can be explained by
the decrease of the passivation layer on copper and by the chaage of
the structure of the layer on brass, shown by the reduction of Cu
ions at -700 m¥ at low pressure and ai -850 m¥ at hzgh pressure {po
larization curves of Fig. 2).

This fact can be explained with the prevalzzng formation in this
layer of zinc oxydation product that cover the copper oxide layer
changing its dielectric properties {electrode capacity) and increa-
sing the anodic conductance. Chemical analyses shown that Cu-Zn ratio
is greater (more than +20%} in the corrosion products formed at
ambient than at high pressure.

It can therefore be concluded that Cu-Zn alloys that behava in the |
same way as copper at ambient pressure show a different corrosion
process at high hydrostatic pressure. : _
The same investigation was algo made by using zinc specimens, at 20°C
and at 1 and 150 Atm, in order %o verify the effect of in on the bew
haviour of brass alloys. .

Table 4 and fig. 3 show that. the electrochemical behavzour at 150 atm
is completely different from that of copper because the rate of the
anodic corrosion process is increased while the cathodic process re-
mains unchanged. The Rpc*l values are constant while the Rpa'l values
appreciably change. The electrode capacity, relatively high and show
- ing the simultanecus presence of zinc oxides and salts, does not chan
ge with changing pressure, probably because zinc is a nwtype metal
without cationic vacancies that act as an electron donor.

the zinc ex1des‘reductlon does not depend on the greater diffusion
of B ions into the lattice vacancies of the oxydation products and
is therefore near independent on pressure. The small increase {W5%)
of the ip of cathodic sweep of the polarization curve of fig. 3is
due to the increase of conductivity, of the diffusion coefficient of
oxygen, ete., as previously seen for copper.

The ancdic process is accelerated, probably owing to the easier



-adsorption of depolarizing anions {as €1} on the passivation layer,
that is enhanced at high pressure by the smaller solvation and by
the decrease of the apparaent lonic radius. .

- The anion adsorption which 1ntroducea electron acceptor levels in
the film, will lower the transpassivation potential at the adsorpe
tion sites {27} and break the barrier effect. The passive film on
n~type {electron-donor} appears to be more stable against anodic po
larization than that of p~type, electron-acceptors, oxides.

The hydrostatic pressure probably increases the number of electron-
acceptor sites, the film behaves as a p-type compound and is therew
fore more easily corroded. : '

In order to verify 1f the addition of another component (Ni) changes
the behaviour of the alloy at high pressure, cupronickel alloy 70-30
with the same copper amount of the previocusly examined Cu-In alloy
was tested at 20°C by comparing the results obtained at 1 and 130 atm.
Table 5 and {ig. 4 show that pressure does not increase the corrosion
rate of this alloy; from the ipgpy and Rp”; values and from the in-
crease of the eguilibrium potential appears that at high hydrostatic
pressure the cupronickel corrosion is inhibited ( ﬁ i about S0%
with respect of ambient pressure).

The potentiodinamic polarization curves of fig. 4 show that at 150
atm the passivation layer is nearly completely formed by a single
nickel compound {reduction peak at -240 mV) while at 1 aitm several

- products are detected {240, 500, =700 av}.

The passivation of the alloy may be due to the compound formed in
both test condition.

The ccmpounds of cupron}ckcl alloys sblghtly differ from these formed
on copper and brass. The reductzon peak moves from ~380 to -500 av,
probably due to the prec1p1tat10n of "large amounts of sz in the
Cu0 lattice (28). The low inhibition value (probably due to Ni com-
pounds} can be explained with the améunt {30%) of Ni in the alloy.
The Ni oxidation products cannot cover the whole surface but only
decrease the anodic oxidation sites.

In order to verify if the reduction peaks at -240 nV were due to Ni
compounds and to investigate their effect on the corrosion of the
alloy, some tests were carried out with pure Nickel {(Table 6 and
fig. B). Fig. 5 shows that the -240 mV peak of the cathodic sweep
of the cupronickel polarization curves is due to Ni compounds. .
Reduction peaks at —220 and —240 mV were in fact observed at ambient
pressure and at -210 nV at 150 atm. on nickel. :
Values of Table & show that the anodic and cathodic conductances are
much lower than these of previously studied metals.

This can be explained by the fact that the oxidation compounds of
nickel are p-type oxides (29) with cationic vacancies concentrated
on the surface only, that do not show lonic transportation processes.

corr
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They have a high electronic resistence because the electronic tran-
sitions between Ni** and Ni*™" requires high energy. This decreases
the anodic attack of the passivation film, which has n-type charac-
teristics. The value of i_o.. is in fact small. The small values of
the electrode capacity indicates oxide formation.
Moreover, as the electrode capacity at 150 atm is greater (42.9 uF

m 2} than at ambient _pressure (6.6 pF.cm 2} and the electrode con-
éuctance and the i orr are on the contrary much smaller, the compound
formed at 150 atm has a greater dielectric constant than that of
compound formed at ambient pressure and can therefore better passiva
te the metallic surface. This is confirmed by the equilibrium poten
tial values Eigy gpm = ~Bl AV and B, . = ~212 m¥. ¥ig. 6 shows that
hydrostatic pressure does not influence the cathodic reduction pro-
cess. This can be explained by the fact that the nickel oxydation
products have cationic vacancies on their surface only and H' ilons

h

cannot therefore enter the lattice and are discharged on the electrode.

The anodic process is largely inhibited at 150 atm, owing to the for -

~mation of a nickel oxydation product (not xéentif:ed) having & grea
ter dielectric constant than these formed at ambient pressure.
Conclusions

The results show that hydrostatic pressure can 1nf1uence the corro-
. sion kinetic of same metals. This is correlated with the solvation
Processes connected to transport phenomenon and ionie mobility.

The concentration of H in sea water is very low and their contribu
tion to the ovepall ‘conductivity is negligible, but can play a
significant ‘role on the cathodic dépolarization of metals, because
the protonic mobility largely inareases by inc%éasing the hydrostaw~
tic pressure. The different mobllzty of €1” anions alsoe influences
the anodic attack, hecause their hydration degree decreases with
increasing hydrostatic pressure.

If the layer formed on metals is a p-type semiconductor with many
cationic vacancies in the lattice and high electronic conducibility
{e.g. copper} the reduction precess, due to H' ijons is enhanced. If
the layer is of n-type {e.g. zinc) with an excess of negative char-
ges, its anodic dissclution is increased by the easy anions: adsorp~
tion. If the layer is of p- type put with few lattice defects and a
low protonic and electronlc conducibility (e.g. nickel), it is
highly resistent to both ancdic dzsaclutzdn and cathodic reduction.
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ETUDE PRELIMINAIRE DE L'INFLUENCE DTOXYDES, ELECTROLYTI-
QUEMENT PREPARES, SUR LA VIE DE L ACIER.SURISSANT CORRQ-
SION S0OUS CONTRAINTE DANS UNE SOLUTION DE NaCl.

Th. SKOULIRIDIS et N, KQULOUMBI

Université Technique Nationale d Athénes, Dé-
partement des Ingénieurs Chimilstes, Section
de la Science des Matériaux, Athénes, Gréce.

. RESUME

Le présent travail concerne une 8tude préliminaire de
1”influence d”oxydes, 8lectrolytiquement préparés, sous
des conditiong différentes, sur la vie de l acier gui su~
bisse corrosion sous contrainte dans une sclution 1IN de
NaCl.. Cette &tude s est basée sur les résultats trés fa-
vorableszn ce qul concerne la protection des alliages a~
aluminium par la méme méthode. Tous les essais effectu=-
&s, en variant la densité du courant et la durée de 1”a-
nodisation, la température du bain de 1"anodisation et
sa composition ainsi que Il orientation des éprouvettes
dans le bain de l7anodisation ont condult jusqu™d pré-
sent uqx revétements que ne possddent pas des propriétés
pvrotectrices, .Ceci pourrait étre attribué 3 deux rai-
sons: Premi@rement au fait que dans le cas de 1 acier il
n"@st pas possible de préparer-des oxydes orient&s norma-
lement & la direction de la future traction des &prouvet-
tes, condition gui est indispensable pour la protection
d7aluminium. L orientation d"oxydes de 1”acier est trou-
vée paralliéle & la direction du laminage, indépendamment
de 17orientation des 8prouvettes pendant 1l oxydation a-
nodigue. Deuxidment au mécanisme différent du phénoméne,
1ndénendamment cu non de la premiére explication.

ABSTRACT

The present work is a-preliminary study of the influ--
ence of electrolytically prepared oxides, under different
conditions, against 8¢CC of  steel in a 1IN NaQl

- solution. This study is based on the very good results of



26

INFLUENCE D OXYDES BLECTROLYTIQUES SUR LA VIE DE LTACIER

of protection from SCC of Al-alloys with the same method.
All the measuremenits, by varying the current densiiy,the
path composition and the specimen orientation, iead un-
il now to oxide layers without protective properties.
This can be attributed to two reasons: At fiyst in the
case of steel it is not possible to'prepare oxi-
des oriented normally ito the stress direction, a condi-
tion that is reguired for the Aluminum protection. The
iron oxide orientation is found to be parallel to  the
direction of the lamination, independently of the speci-
men orientation during anodisation. Secondly at the dif-
ferent mechanism of the phenomenon independently or not
of the first explanation.

INTRODUCTION

11 est bien connu que les aclers subissent une fragi-
lisation par 1 hydrogé&ne sous un charge, relativement -
faible, imposd constamment en milieu contenant des ions
d“hydrogdne. Les surfaces fracturées ont des caractéri- '
stiques de figsuration interganulaire {1-4}. -

Selon B.P.Van Leeuven (5) dans ce cas d"abord une fis-
sure peut se former apr@s une certaine péricde d”incuba-
tion. La fissure se propage d une fagon discontinue et
si elle atteint une longueur c¢ritigue, l7éprouvette se
rompt. Il y a un seuil de’charge au-dessous duguel la
fissure ne survient pas.

L"hydrogdne tend 3 se diffuser vers les régions qui
subissent lesplus fortes tractions. Lorsque une combi-
naison critique du niveau de la tension et de la concen-
tration en hydrogdné est obtenue localement, la fissura-
tion se déclanche. La fissure s arréte parce gque, bien
qu~a son fond 17 intensité de la tension mécanigue soit
trés 8levée, la concentration locale d"hydrogéne sera
trop basse pour que la fissure avance davantage. Ensui-~
te une diffusion auvra lieu jusqu”™3d ce que les conditions
au fond de la fissure soient de nouveau critiques, ce
qui provoque un nouveau déclanchement de la fissuration,
La répétition de ce procds résulte 3 la propagation dis-
continue de la fissure. o

e model de fragilisation par hydrog&ne est basé sur
‘la suggestion gue la concentration maximale en hydrogéne
se présente au bord de 1l enclave plastique.
Malgré la différence dans la manidre de formation de la
voie active, dans la catgorie des métaux et alliages
‘comprenant -1”aluminium et 17acier, le fait que dans des
gtudes précédentes, concernant la protection de 1l alumi-
nium contre la corrosion sous contrainte, des conditions
satisfaisantes de protection ont &té trouvées (6-10}nous
a conduit & appliguer une méthodologie similaire dans
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je cas de 1l acier. La protection d7abord et ] optimisa-
tion ensuite des conditions de protection dans le cas 4~
aluminium se sont dtablies aprés une série d7essais sans

suceds {Fig. 1). .

(Kg remm?y

24

20 4

50 106 500 1000 000ty {min)

Fig.1. Charge en_poids(Kg/mmz)des'éprouvettes
en fonction du logarithme du temps de rupture.
1. Al nu, i=2maA/cm?.
2. v4-A1703-3H20// {sans vieillissement)i=2mA/cm?.
3. ¥q+A1203-3H20// {100°C/1,5min vieillissement)
- i=2mA/cmZ, - -, .
4. yv4—Alp03:3H20// (50°C/135min vieillissement)
 i=2mAfcml, : .
5. yo-Alp0s5+3H40// (sans vieillissement)i=2ma/cm?.
6. Comme{2)=.7. Comme(3}=.8. vy~Aly03-3H20//
: £100°C/1,5min vieillissement) i=2maA/cm?.

| 9. Comme (8}=.10. Al nu; i=0,5mA/cm?.
11:¥1-A1203= (Epaisseur &gale & 3,4um)i=0,5mA/cm2.

De ces &tudes on a conclu que la meilleure protection
se réalise avec une couche d”oxyde Yv1-Alp03 d7une épais-
seur de 3,4um préparé par l oxydation -anodique dans un
bain de 15% d”acide sulfurique & 25°C en imposant une
densité du courant d anodisation de 8A/dm?2. La condition
principale qui offre les propridiés protectrices aux oOxy-
des d aluminium consiste 3 1 orientation des cellules 4~
oxyde normalement vers la future traction {augmentation
de la vie des éprouvettes de 220%), condition gui se réa-
iise quand 17&prouvette se place & une position horizon~
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tale dans le bain pendant 1 anodisation.

: Pour cette raison d7une part les premiers essais con-
; cernant la protection probable de 1 acier ont 8té effecw
tués aux Eprouvettes gui &tailent aussi posdes horizonta-
lement dans le bain, durant l17oxydation, et d autre part
la direction du laminage €tait paralléle 3 la future
traction, '

PARTIE EXPERIMENTALE

L7acier utilisé& (type: blacl plate, qui correspond &
AIST 1006 ou T3} avait la composition nominale suivante
{* en poids) C:0,06; Mn:0,36; $:0,2; P:0,14; Fe:99,24,14i~
mite €lastigque &gale 3 25,?0Kg/mmé, limite de rupture é&-
gale & 36,80Kg/mn? et allongement &gal & 29,47.

Les éprouvettes &talent coupfes d une tdle (216X10mm)
d"une &paisseur de 0,25mm parall@lement & la direction
du laminage, qgui coincidait avec la direction de la fu-
ture traction. La figure 2 représente la forme et les
dimensions des &prouvettes, '

Des &prouvettes de la méme forme ont &té utilisées
aux travaux précé&dents (6~-10).

Conditions d anodisation

La surface anodisée des &prouvettes se comprend entre
les lignes AR et BB” de “la figure 2, bien que le reste
i de l7éprouvette soit &lectriquement isoléd 3 d-aide &7 un
vernis (type Sterling B8-Golden Varnish) et du teflon.

Le ‘bain d”anodisation &tait composd d une soliution de
E soude caustique qui conténait CHp (OH)S0Na (Rhongallit) -
comme agent réducteur {(11). Pendant nos essais on a va-
rié la composition du bain ainsi que la température et

la densité du courant d”anodisation, la durée d-anodisa-
tion et ] orientation des &prouvettes dans le bain d~a-

i nodisation.

L anodisation était toudiours effectude imposant urn
courant alternatif de 220V et de 50Hz. Pendant 1 oxyda-
tion, chague éprouvette &tait posée entre deux &lectyro~
des de titane (5X5¢m?) de telle manifre qu une longusur

i de 210mm se trouve sSoit 3 position horizontale, soit 3
T position verticale {9). :

Sous les conditions mentionnées ci-dessus résulte un

revétement uniforme,noir et pas poreux (11). L oxyda-
: tion de l7acier dans ces conditions présente par rapport
i & l7oxydation chimique, aux hautes températures et  &-
! lectrochimique, sous un courant continue, la possibilité
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Pimaensions {mm}
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Fig.2. Forme et dimensions des éprouvettes
utilisées. '

de travailler avec des solutions de soude caustique  di-
ludes et aux basses températures. Cet avantage correspond
aux demandes é&nergétiques plus basses, aux valeurs du
temps d oxydation plus faibles et & une appareillage plus
simple et plus économigque.

L anode de la cellule &lectrolytique &talt l;éprouvetw
te oxydée, entourfe par une anneau en aluminium, qui con-

“stituait la cathode. Le milien corrosif &tait une solu-

tion 1N de NaCl circulant avec une vitesse de 70ml/h et
se renbuvellant. Le phénoméne de la corrosion sous con-

“trainte 8tait accEléré 3 1l aide d un courant continu  im-

posé de 0,2mA/cm? ou de 0,5mA/cml. La traction s”impo-
sait aux &prouvettes par un poids défini et constant. Les

“
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détails de 1 ensemble de 1 appareillage, de la manidre de
.la fixation des éprouvettes et de la mesure du temps se
trouvent décrits dans la publicatlion précédente {9).

Mesures, résultats et observations
1. Influence de la densité du courant et de la durde de

Le bain d”anodisation avait la composition suivante:
120g/1 NaOH + 10g/l Phongallit. La tempdrature d anodi-
sation était &gale § 50°C,

Le paramdtre varié au premier lieu &tait la densité

du courant danodisation. On a comparé les moyennes géo-
métriques de temps de rupture des éprouvettes oxydées en
imposant des différentes densités du courant pour les mé-
mes Coulomb. Dans chague cas on a effectué des mesures
du temps de ia fracture de 6 &prouvettes pour une charge
{en poids) moyenne 8gale 3 15Kg/mm? et pour une valeur dy,
courant anodigue de la corrosion imposée 8gale 3.0,2mA/man”.

La figure 3 représente les résultats de ces mesures.
On constate gque le temps de rupture passe d"un maximum &
une densité du courant de 1”anodisation &gale & 15A/dm?.

i
&&%vn
! ) ﬂciﬂl’ TERE
S TR ol s
10
g
8 |
7.
1
6.
5 ¥ 1 LI F
0 5 0 15 20 25 ig (Argm?)

Fig.B: Temps de rupture des éprouvettes anodises en
fonction de la densité du courant de 1~ anodisation;
T=50°C;, o=15Kg/mm?; i=0,2mA/cme. '

On n"a pas anodisé les éprouvettes & une densité du cou-
rant plus basse de 10A/dm2, &tant donné selon la biblio-
- graphie (11) gue 1 épaisseur d oxyde préparé & 15A/dm?
pour une durée d oxydation de 20-25 min 38 46-60°C se
trouve égale 3 tum, valeur qui est tr&s basse pour at-
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tendre des propriétés'protectrices satisfaisantes.

“A la suite on a &valué Ll influence de la durée de 1°
ancdisation sur le temps de rupture des &prouvettes im-
posant une densité du courant de 1l anodisation &gale &
la valeur moyenne de celle. des premi&res mesures, ¢.d.d.
8gale & 15A/dmZ2. ‘Toutes les autres conditions expérimen-

. tales ont &t& maintenues comme ci-dessus, On voit les
résultats 3 la figure 4,

1
t
(10%min)

124

atier nuo

i 3 ) T L] Y T ¥

6 8 10 15 20 2% 30 35 40 45 tgimin)

Fig.4, Temps de rupture des éprouvettes anodiséeg en
fonction de la durde de l”anodisation; T=350°C; lan=
=1%58/dm2; o=15Kg/mm?; i=0,2mA/cm?. : .

Par ce diagramme on constate que, indépendamment de la
durg&e d oxydation, le temps de rupture des &prouvettes res-

‘te toujours plus bas gue celui des é&prouvettes de i acier

nu, Cependant la vie des &prouvettes augmente en fonction

- . de la durde de 1l anodisation et passe par un maximum pour
. la condition tzn=20 min. On constate des phénom@nes sem-

blables dans le cas de } oxydation d”aluminium pour la
région d"épaisseur d oxyde de 3,4um & 36um.

B o Al L I it i i e e e e v e T o e o e A ek o il A Al Lo, Al Lk LA ALkt PR Y OV VR TR R OV OO PO, . R e At o

Sous les mémes conditions expérimentales i celles du

paragraphe 1 on a étudié 17influence de la température du

bain d"anocdisation sur ga vie des.éprouvettes lorsgue cel-
les-ci &taient anodisées & 158/8m? pendant 20 min {condiw-
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tions optimum du paragraphe 1). On a effectué des mesu-
res dans la région de 40°C jusgu™d 60°C &Stant donné {11)
gue 1l épaisseur du revétement €t sa porosité augmentent
en fonction de la température. La figure 5 représente
les résultats ressortis. '

3 tl’
{10 min}
T2 i e i e e o i e e o

10,
94

40 50 g0 T{°CY

Fig.5. Temps de rupture des 8prouvettes anodises en
fonction du bain de 17 anodisation; ign=15A/dm?; tgn=
=20min; o=15Kg/mm?; i=0,2mA/cm2. '

H

La meilleure condition appliquée &tait celle de 50°C
tandis que la vitesse de la corrosion sous contrainte
augmente par rapport & celle des éprouvettes de 1l acier

- ni pour 1l ensemble des mesures.

i. Changement de la composition globale,

Les premiers essals sont effectués en changeant en
méme temps et proportionelliement la concentration en sou-
de caustigue et la concentration en Rhongallit, mais en
maintenant toutes les autres cénditions expérimentales i-
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dentigues 8 celles gul précé&dent. Par la figure 6 on
constate gue, bien gue la concentration du bain influen-
ce la vie des é&prouvettes, le temps de rupture reste
toujours au~dessous de celui exigé pour 1 acier nu., Les
meilleurs résultats apparalssent pour la condition NaOH:
120g/1, Rhongallit: 10g/1. :

t,
(10°min)
12

10 .
9
8 4
T 4

&

2

1 ¥ ¥

o a5 1 45 c/c

Fig.6. Temps de rupture des éprouvettes anodisées en
fonction de la composition globale du bain de 1”ano-
disation; C:NaOH 120g/l+Rhongallit 10g/1: T=50°C;
lan=15A/dm2; tan=20min: o=15Kg/mm?; 1=0,2mA/cm?2,

ii., Changement de la concentration en NaOH.

A la ré&alisation de ces essals on a varié seulement la
concentration en NaOH, la concentration du Rhongallit &-
tant fixe et &gale 3 10g/l. Ceci résulte soit aux revé-
tements minces, poreux et pas uniformes soit aux revéte-
ments compactes mais gui ne sont pas en bonne adhésion a-
vec le substrat. Dans tous les cas examinds la vie des
éprouvettes ancdisées ne dépasse pas celle des &prouvet-
tes nues (figure 7), valeur gui s est approchBe seulement
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par une concentration en NadH égale d 120g/l.

3 'tr
g miny acier nu

TR I -

104
9.
B
7

6 4
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1 | 3 ¥
60 120 180 Snaow (971!

Fig.7. Temps de rupture des &prouvettes anodisées en
fonction de la concentration en NaOH; Cphonaallit ™
=10g/L; T=50°C; ian=15A/dm2; tan=20min; GmEgKg/mmzx
i=0, 2mA/cm? .

iii. Changement de la concentration en Rhongallit (con-
centration de NaOH constante: 120g/l1l).

Rhongallit, €tant un agent réducteur fort, empéche la
formation de 1l 7oxyde Fejy03 et pour certaines limites de
concentration amdliore 1 aspect extérieur d oxyde formé,
et ses propriétés au point de vue de la corrosion généra-
lisée.

Par la figure B on peut constater gue la présence de
Rhongallit dans le bain améliocre le temps de rupture des
éprouvettes particuliBrement pour la région de valeurs de
la concentration plus basses (Rhongalliit 10g/l:condition
optimale}. Pourtant la variation méme de ce paramd@tre aus-
st n"a pas amené aux conditions protectrices.

4. Influence de la température du bain de 1-anodisation

i i T e e e R e oy o e e e e W v v it St WAL ke A i o e e s e T T o TP e . o o o . i b s bl T i o e ik

Selen la bibliographie gqui concerne la méthode d oxyda-
tion utilis&e (11} sous une densitéd du courant plus gran-
de que le 15A/dm2, des films oxygénés se forment qui pos-
sédent des propriétés différentes contre la corrosion et
dont les types ne sont pas déterminés., Pour la détermi-
nation de chague type d oxyde préparé sous certaine den-
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t

(107 min)
aciar nu
YD o o mm— s e R W

15 Y ¥ -
-0 10 a2¢ Rh (gn}

H

#ig.8. Temps de rupture des &éprouvettes ancdisées en
fonection de la concentration en Rhongallit; Cyaop ™
=120g/1; T=50°C: izn=15A/dm2; tap=20min; o=TSKg7mm2:
i=0,2mA/cme.

sité du courant on a effectué dans notre laboratoire {(pour
un travail de thése d”une collaboratrice concernant les
proprétés catalytiques des oxydes de fer) des mesures -}
1*aide @"XRD et de la spectroscopiée Mdssbawey. La compo-
sition des produits de 1l oxydation &lectrochimique de i
acier aingi trouvée est classée dans le tableau 1.

Ces mesures ont en plus montré que les oxydes préparés
dans un bain de NaOH (120g/l)} et de Rhongallit {10g/l} en
imposant une densité du courant de 1 anodisation égale &
100A/dm2 pour un temps égal 3 20 min et en température

de 60°C sont noirs et adhdrents. Au cours de 1l oxydation
sous ces conditions les &prouvettes étaient placées ver-
ticalement dans le bain de l~anodisation, condition qui
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Tableau 1: Composition des produits de ] oxydation &legw
trochimique de 1~ acier. "’

T(°C) | 1(A/am2) Type de produit
Selon MOssbauer Selon XRD
40 15 - & - FeO{0OH}
60 15 FeQ{0H} & - FeQloH)
60 40 mélange+{?}?e203 amorphe
60 60 intermédiaire” y— -
: Fep03 - Fe30y '
60 80 Y-FesCy+amorphes ¥Y-Fejz03+amorphes
60 109 Y - Fe,04 Y = Fen0j

a &té applique 3 cette série de nos mesures. Pour 1~ ac-
c&lération de la corrosion soug contrainte on a imposs
un courant continu de O,SmA/cmz, valeur supérieure de
la précédente parce que les revétements ainsi préparés
étaient plus &pais que les surmentionnés.

Premi&rement on a varid 1a température du bain de 5°C

4 60°C. Les résultats figuren%/ﬁans le schema 9.
b
€1(}3min}
6.
5‘ acier nu
el T P — M TR M A
4 ]
3.
2
i ¥ LI ¥ Y T Y
o 10 20 .3p 40 50 60 Ti°C!

Fig.%. Temps de rupture des éprouvettes anodisées en
fonction de la température du bain de 1l anodisation;
éprouvettew placées verticalement dans le bain d”ano-
disation; ian=100A/dm2; £=20min: o=15Kqg/mm2; i=
=0, SmA/cme .
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Les observations macroscopigues des éprouvettes oxydfes
ont montré que les oxydes 8 60°C &taient & une couleur
noire et d"une relativement bonne adhésion sur le substrat
tandis gu” & 40°C iz couleur devenait plutdt grise et &
36°C des taches de plusieures couleurs commencalent &
apparaitre. Ces taches dominaient sur la surface pour
ia région de tempdratures de l anodisation de 20°C & 3°C.

Par la figure 9 on observe que de 10°C & 60°C le temps
de rupture des Eéprouvettes se diminue un pen, mais la 4if~
férence n"est pas importante. Cecl pourrait &tre attri-
bué & une gquantité &levie du dégagement en fonction de la
température et par conséqguence & la formation 47un revéte-
ment plius poreux. On pourrait supposer, selon nos mesures,
que les tewpératures de 5°C 3 10°C sont les plus favora-
bles, paisque la vie des éprouvettes anodisées approche
celle de i"acier nu. Néanmoins on notifie gque sous cette
condition la vie des éprouvettes de 17 aciar nu n’est pas
dépassée.

Les temps de la rupture de ces oxydes sont comparés 3
ceux~ci des &prouvettes anodisées sous les mémes condi-
tions gue c¢i~dessus, sauf ]l orientation dans le bain de
i"ancdisation gqui &tait inversde et 3 ceux-ci des éprou-
vettes chimiguement oxydées selon de différentes condi-
tions {12,13). Les résuliats montrent que le traitement
thermique avant i"anodisation, autant gue le traitement
chimigue, n"améliorent pas la durée de la vie des éprou-

vettes de l17acier.

Aprés les s8ries de mesures sans succés par rapport &
notre but, qui &tait la préparation sur la surface des é-
prouvettes de couches d oxydes de fer protecirices con-
tre la corrosion sous contrainte, on a examiné l orienta-
tion des oxydes & l aide du microscope &€lectronigue & ba~
layage lorsque les Eprouvettes étaient plac&es dans le
bain d anodisation soit & position horizontale soit a po-
sition verticale,

Les travaux surmentionnés {5~10) concernant la protec-
tion des alliages d"Al-2,5% Mg,8 l aide d"oxydes é&lectro-
lytiguement préparés,ont montré gque guand les &prouveites
sont plac@es horizdntalement dans le bain de 1l anodisa-~

"tion, elles obtiennént des propriétés protectrices c.d.d.
le £ilm d”oxyde ainsi préparé poss@de des propriétés mé-
canigques satisfaisantes de telle manidre gu il ne se fis-
sure pas dés quon charge les éprouveities. Dans ce cas
les cellules de v4-Al,03 &taient orient@es parallélement
& la direction de la gravité mais normalement & la direc-
tion de la future traction, tandis que guant aux &prou-

v
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vettes normalement placées, les cellules étaient paralldw
lement 3 la direction de la gruvité et en méme temps & la
direction de la future traction. ’

A notre étude on a examiné respectivement au microsco-
pe Electronique & balavage les oxydes préparés par les
deux manidres d emplacement des éprouvettes dans le bain
de 1 anodisation.

Les figures 10 et 11 sont les figures du microscope é=-
lectrorique & balavage et montrent 1 orientation des celw
lules d oxyde préparé guand les éprouvettes sont posées
heorizontalement ou normalement pendant 1 ancdisation,

Par ces figures on observe gue, indépendamment du chan-
gement d orientation de 1 &prouvette dans le bain de 17 a~
nodisation, 17oxyde gul se forme est toujours orienté pa-
railé&lement & la direction des lignes du laminage des ¢6-
les de 1l acier, direction gui coincide & celle-ci de la
future traction. ’

Le méme phénoméne est cobservé dans le cas d alliage
Al-8i {14) fait gui n"est pas en valeur au cas d alliage
Bl-Mg.

Fig.10. Orientation des cellules d”oxyde de fer quand
17&prouvetite est placée horizontalement pendant 17 aw
nodisation; Cnaop=120g/l; Crhongallit=10g/ly T=60°C;
ian=100A/dmé; tyn=20min; G=1000X.



"3

INFLUENCE DTOXYDRES ELECTROLYTIQUES SUR LA VIE DE T.7ACIER

Fig.11. Comme la figure 10. L7 éprouvette est placée
verticalement pendant I ancdisation. '

CONCLUSIONS ET PERSPECTIVES

T.

Dans tous les cas examings jusqgu”d présent, en variant
la densitd du courant et le temps de 1 anodisation ain-
si gue la composition du bain (partielle et globalelet
sa température, on a trouvé que la vie des éprouvettes
ancdisfes diminue par rapport aux éprouvettes nues. Ce-
ci est contraire aux résultats pour le cas d aluminium.

Les résultats de 1”examination des surfaces anodisées
4 1”aide du microscope é&lectronique 3 balayage montrent

que les cellules doxydes sont orientées paraliélement

& la ‘direction du laminage indépendamment de 1l orienta-
tion (horizontale ou verticale) des éprouvettes dans
le bain de 1l anodisation.

Ces résultats ne coincident pas aux résultats au cas 47
aluminium o3 la direction de 1 orientation des cellules
d”oxydes &tait toujours paralldle & la direction verti-
cale. Aingl avant utilisé des éprouvettes de 1 acler
coupées parall@lement & la direction du laminage, i}

ne s accompligsait pas le cas d une orientation des
cellules 4 oxydes noymale 3 la future traction.

Ce cas 8tait indispensable pour la protection d alumi-
nium, :
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Ces résultats:

a) intensifient 17 interprétation donnée pour la .pro-
tection d aluminiam par des oxydes convenablement
orientés,

b} indiguent que pour la protection de 1~ acier contre
la corrosion scus contrainte il faut utiliser des &-
prouvettes de l”acier coupes normalement 8§ la di-
rection du laminage.
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ABSTRACT

In previous works we described a new methode for pro-
tection of an Al-2.5% Mg alloy against 8.C.C, in saline
environment by properly oriented ancdic coatings, formed
in 15% (w/w) H»504 at 25°C with a current density of
6.0A/dm?. In the preésent work the effectiveness of the
above method was tested foyr Al-2.5% Mg alloy sheet of va-
rious thicknesses higher than 0.25mm, i.e. .50, 1.00,
1.50 andjz.OGmm. It wag found that, due to the different
geometyry during anodising, the oxide thickness under the
same conditions (current density, temperature, time) is
different for different thicknesses of specimens. Taking
this into account various {according to their thickness)
oxide coatings (yq1-Al203=} were prepared for all sheet
thicknesses. Tt was proved that the performance of this
protective system is significantly depended upon -~ the
thickness of both, the protective anodic coating as well
ag the metal substrate under protection; in our case it
was found that for thicker than 8.0um oxide coatings the
T.T.F, has a maximum for a sheet thickness between 1.00
and 0.50mm while for_thinner than 7.0um oxide coatings,
for a sheet thickness 0.25mm. These led to the sugge-
stion that the employ.of 1.00mm thick Al-2.5% Mg alloy
coated with an oxide film of 13.0~35.0ym resulis to a
better strength and protection than the use of thicker
Al-2.5% Mg sheets. Some arguments concerning the inter-—
pretation of the anodic oxide coating behaviour are gi-
ven,

-



4z

RESUME

Nous avons décrit dans des travaux précédents une nou-

velle méthode de protection d'un alliage Al-2,5% Mg con-
tre la corrosion sous tension en environement marin, & 17
aide des couches anodigues convenablement orientds, formés
en solution 15% {w/w} H2804, & 25°C, avec une densité de
courant 6,0 A/dm?. Dans le présent travail nous avons te-
st 1 effilcacité de la méthode ci~dessus, dans le cas 47
un alliage Al-2,5% Mg en éprouveites d épaisseur supérieu-
re 3 0,25mm, c.&.4. 0,50, 1,00, 1,50 et 2,00mm. Il a &6té
trouvé gue suivant la géométrie différente de l anodisa-
tion, Ll épaisseur de l oxyde sous les mémes conditions
{densité de courant, température, temps} est différente
suivant 1l é&paisseur différente des éprouveites.Ainsi nous
avons préparé des différentes couches d oxvdes pour tous
les Bpaisseurs des &prouvettes. Il a &té prouvé que la
performance de ce systéme de protection dépend d"une ma-
nidre significative de 17 &paisseur du coucheanodique ain-
g1 gue de 17 épaisseur du substrat métalligue 3 proteger.
Dans le cas présent, il a été trouvé que, pour des couches
plus épaisses ague 8,0um le T.T.F.a un maximum pour une &
paisseur d éprouvette entre 1,00 et 0,50 mm, tandis gue
pour une &paisseur inférieure a8 7,0um le maximum se pré-
sente pour une Epaisseur d7éprouvette (,25mm. Ceci con-
duit 3 la suggestion gue l7utilisation d"un allage Al-
2,5% Mg dune &paisseur de 1,00mm couvert d”une couche 4 o=
xyde de 13,0-35,0um présente une résistance et protection
meilleures,comparé A une éprouvette de 1 alliage Al-2,0%
Mg d une @paisseur supérieure. Nous pré&sentons guelgues
arguments concernant 1 interprétation du comporitement des
couches d oxvde anodigue.

INTRODUCTTION

In previous works of ours {1-5} a new method of pro-
tection of an Al-2.5% Mg alloy {corresponding to 5052, H.
38) against stress corrosion ¢racking (8.C.C.} by suita-
bly oriented anodic oxide coatings was suggested. It was
found that anodic y3~ and y3-Alz03 and their hydrates,for-
med on 0.25mm thick specimens in 15% {w/w} H2804 at 25°C,
showed satisfactory mechanical propertieg optimised for
an anodic current density, ian, of 6A/dm?, From the va-
ricus types of the above anodic coatings tested, the po-
rous Y41-Al;03= (= means that the oxide cells are built
preferentially oriented normal to the future stress i~
rection; such an orientation results from the horizental
arrangement of the specimens during anodising), in a 13.5
um thick film, was distinguished as possessing the best
mechanical strength., This is sufficient to protect the
substrate against 5.C.C. when tested under accelerated
1ab0rator¥ stregs corrosion conditions;a continuously cir-
culating 1M NaCl solution of pH26.5 and room temperature
was used,and an anodic current galvanostatically controlled
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atO.SmAfcmzwas impressed.in such a set of corrdsion con-~
ditions, an average increase of about 76% of specimen li-
fe {that is the time-to-failure, T.T.F.}, at three tensi-
le stress levels | constant load of 10,15 and 20kg/mm2{*}]
wasg ohserved. . :

The effect of oxide 1éyer thickness on its protective

behaviour in the 8.C.C. of anodised Al-Mg alloy spe-
cimens was revealed by the examination of a large varie-
ty of anodic films - of ¥1-Al203 {from O, Tum up to

35um) or yj,2-Aly03 [between 36 and 38um, recently iden-
tified {S}ﬂ or y2-Alz03 (above 38um up to 5lum} produced
at 6A/dm? (7-9)}., From the T.T.¥. records for each ano-
di¢ film tested under $.C.C. conditions it became clear
that the best protective ceating is the y1~Al,;03=, pre-
pared with a current density of 6 A/dm?, with a thick~
ness of 3.4um, and normally oriented to the stress di-
rection; it gives an average T.T.F, increase of 200%
compared to the one for bare specimens. From these re-
sults, it was found that the protective properties of
the three . oxides formed are ordered as y1-Alz03>
>Y2—A1203>y1'2wA1203, and, also,that they are in an in-
verse relation to their physical sorptive and/or cataly-
tic properties. An interpretation of the mechanical and
protective properties of these oxides was also suggested,
pased on their secondary structure as revealed by EM and
SEM {(6,10-12}.

The present work aims at further improving the perfor-
mance of the anodic oxide/aluminium alloy protective sy-
stem against 5.¢.C. by studying systematically the rola
of oxide thickness in relation to the specimen thickness.

EXPERTMENTAL
MATERIALS AND DESIGN OF THE SPECIMENS

The commercial Al-Mg alloy tested {type: ASTM 5052,'H.
38) conformed to the following nominal composition (in
wt-%}:

Mg: 2.5; Crs 6.25; Fe+Si: 0.45; Cus 0.10; Mn: 0.18; Zn:
0.10, Al: remainder.

The specimens were cut from sheets of suitable thick-
nees {e=0.25,0.50, 1.00, 1.50 and 2.00 mm}, paralelly to
the rolling direction {(the longitudinal), which coincides
with the future . stressing direction {i.e. gravi@y direc~
tion}, and they were exactly similar to those Wldely em—
ployed for temsile tests having a middle section of re-

{*} 1 kg/mmzx 8,8 memzx 9.8%10%pa

-
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duced width. fThe same specimens have been used in earli-
er worxs (3,4,7-9) and their shape and dimensions have
been described in detail in {4) . The loading cross-sec-
tion as well as the total exposed area varied according to
the specimen thickness as they are showed in Table I.

TABLE I
MAIN GEOMETRIC/OPERATIVE CHARACTERISTICS OF THE
SPECTMENS
Specimen thickw Loading crosg- Total exposed
ness section aresa
mm w2 cmd
0,25 1 1.36
6.50 2 1.53
1.60 4 1.70
1.59 . 6 1.87
2.00 ! 8 2.04
i

MEASURING ARRANGEMENTS AND CONDITTONS

The measuring arrangements as well as the 8.C.C. cell
were identical to those already described in detail in
the previous work (47, A& vmstantly renewed 1M NaCl so-
lution at room temperaturz was used as the corroding me-
dium,

The specimens were tested, immersed in the corroding
medium and stressed directly by loading them with a cer-
tain weight to a definite stress level (0=10, 15  and
20 kg/mmé which corresponds to 98, 147 and 196 N/mme,
respectively) while a galvanostatically controliled ano-
dic current density (i=0.5 mA/cm?) was impressed during
the test.

Six specimens were tested under each set of condi-
tions and the time that each tock to break was recored-
ed; the six individual values are represented by their
geometric mean which is referred as the specimen life,

. OF time-to~failure (7T.T.¥.),.

The reproducibility was the same as previously re-
ported {4,7}.
RESULTS AND DISCUSSION
Reference curvesg

Fig. 1 shows the life curves, as well as their analy-
tical expression, of bare specimens of a different thicke
ness, e, (considered as "reference specimens”} tested as
described; these will be used as reference curves with
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which one could compare the lives of oxide coated speci-
mens.

The curve for 2+0.25mm is identical to that earlier-
1y reported in {4).

It should be clarified that these curves represent the
genuine S5.C.C. behaviour of the specimens (between thres-
hold stress and yield point, o¢, 32, levels) free of any
parasitic effect possibly due to the impressed anodic
current {4, 13}
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Fig.1. Applied stress,o, vs log t: 120, 5mA/cm?
{Reference curves)

{e=(,25} » O0=-17.73 log t +. 67.59
{e=0.50} ~ o=~15.30 log t + 64,05
fe=1,00) +» og=-16.59 log t + 73,852
{e=1.50) + o=-16.55 log t + 77.88
{e=2.00) » o=-19.62 log & + 97.87

tnfluence of specimen thickness

The effect of specimen thickness on the behaviour un-
der S$.C.C.conditions,of the alloy used,was found when the
results presented on Fig.1l were transferred to a diagram:
specimen thickness,e,vs log t(Fig.2);:;the curves correspond
to the stress levels at which the specimens were loaded,.
It can be seen that the log of specimen life is a linear
function of the thickness,e,of the Fform e=klogt-1 (X,1>0},
for a determined stress level. Therefore it becomes evident
that the S5.C.C.behaviour of bare specimens depends on its
thickness rectilinearly in relation to log t, as on the
stress level following the eguation: o=-alogt+bla,b>0}for
a determined specimen thickness.

In Fig.2 it is shown that the specimen thickness influ-
ences logarithmically its S.C.C.behaviour as any other pa-
rameter influencing directly the kinetics of the phenome-
non.Such a differentiation in 8.C.C.behavicur ©f the spe-
¢imens is mainly attributed to the milder electrical/elecw

- trochemical and stress conditions predominant in the vici-
nity of the pit/erack tip in thicker specimens and conse-



46

‘ T T Ll L3 T El T LA M | El L
L
fmETE
L&) :"‘ 21 R ) Hy
thgimm) | P
861 : -
1504 1
1ot B -4
658 E
257 -
Kl Fl H ' 1 Fi | ] : 1
1 1 T N
500 1064 5008 160053 ERLLIL

Fig.2. Specimen thickness,e,vs log t; i=0.5ma/cm?
{o=10) + e=1.49 log t - 3.80
{o=15} + e=1.41 log £t -3,97
{o0=20) ~ e=1.53 log &t - 4.81

quently to a proportionally less intense active path which.
in the case of Al-alloys has been proved as a current in-
tensity assisted onef13-18). Thus an important conclusion
is that sheet thickness should be considered as a crucial
parameter in the behaviour of metals or allovs under §.C.
C.conditions as well as the stress factor. This should be
taken under consideration when designing or maintening a
congtruction under $.C.C. :

Influence of oxide thickness

In previocus works (7-9) the relation of the thickness
of anodic Al~oxide coatings between 1.7 and 57um,to their
protective properties of 0.25 mm thick specimens, of the
same Al-2.5% Mg alloy, was examined and discussed. The
results obtained have been reported in the form of oxide
thickness,x, vs specimen life,t, curves as shown in Fig.
3 {8); from all three types of surface oxide examined,
only vq1~Al203 has been found as giving satisfactory pro-
tection to the substrate, with an increasing rate as its
thickness decreases, at least in the region of service

fup to a minimum thickness of 3.4um}.

Ailming at the scope of the present work, i.e. to ex-
tend the study of the effect of anodic Y1-Al,03= layer
thickness on its protective performance to thicker than
C.25mm sheets, a number of specimens of the same thick-
ness as the reference ones were anodised in a 15% {w/w)
Hy504 bath at a constant temperature of 25°C. and at a

current density, igp, of 6A/dm4; anodising times, {pro-

porticnal) gquantities of current passed and yq-Alp03.
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Mig.3. Al-oxide layer thickness,x,vs specimen
1ife,t; specimen thickness e=0.25mm;ian=6A/dme "
(in a 15% H,804 bath at 25°C}; i=0.5mA/cm?(8).

thickness produced in each case and direcily measured by
microscopical examination of eross-sections are indicated
in Table II. :

During ancdising the specimens were held horizontally
as it was previously done {4}, so that a preferential o~
xide orientation {indicated =}  normal’ to the rolw
ling direction as well to the future stressing direc-
tion resulted, as it is clearly shown in the micrograph
of Fig. 4 {19},

It should be noted that the divergence in thickness,
observed in Table IT for anodic coatings produced under
similar ancdising conditions, on specimens of different
thicknesses, have been already examined in depth and

- completely elucidated; the results of this study will be

L3
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TABLE II
ANODISING TIME, QUANTITY OF CURRENT AND CORRESPONDING
Y1~B1303 THICKNESS _

Anodising Quantity Y1~A1503 thickness,x, in um

time,tan, of cur- {x0.5 um)
in min rent,Qan, :
in ¢/dm2 Specimen thickness,e, in mm

0.25 G.56] 1.00f 1.50 2.00

2.25 810 3.4 4.2 | 4.7 1 4.9 5.5
9.00 3240 13.5 ] 16.9 [18.6 [19.8 | 22.0
22.56 8192 34.0 [ 42.2 146.7 148.5 [(51.0%)

{*} probably yz-Al,03
grain orientation

FAwh . rolling
; direction

Fig.4, Microphotograph SEM X 1200 of
¥1~Al203=, normally oriented

to the rolling direction;isn=6A/dm2;
oxide thickness Sum (19).

soon published.

The T.T.F. of anodised specimens corresponding o all
cases included in Table II, as well as that of bare ones,
are represented according to their thickness e=0,5%0,1.00,
1.506 and 2.00 mm in the diagrams: oxide thickness, x, vs
specimen life, t, of Figs 5-8 respectively. From these
figures it ¢an be seen that the shape of the resulted
curves ls generally quite similar to that for 0.25mm spe-
cimens{Fig. 3). It means that Y1~AlyC3= protects the Al
2.5% Mg specimens against $S.C.C. for all oxide thicknesg-
es examined, at all three stress levels 16, 15 and 290
kg/mm2, and that the protection increases as the oxide
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+hickness decreases (the lowest limiting T.T.F.value for
¥ = 0 is that of bare gpecimen gt that stress level), -
This is true for all specimen thicknesses hetween 0.25
and 1.50 mm but not for the thickness of 2.00 mmyin this
latter case y4-Alp03= seems to have lost its protective
role offering a small pxotection only at the stress le-
vel of 20 kg/mmZ2 and for oxide thicknesses around : the
value x=22.0um.

To obtain a better image of the effect of arodic Y
Al,03= thitkness on its protective properties the dq a.
presented in Figs 3 and 5-8 are summarized on s diagram:.
oxide thickness,x, vs per cent specimen protection,p)
as shown in Fig. $. This diagrail, which _ fully co~
vers the domain of usual service applications of Yo
Al03's,comprises five curves, one for each specimen
thickness used. At each anodic oxide thickness tested
the corresponding per cent protection has been calcula-
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ted by dividing the difference (T.7.F. of anodised speci-
men~T.T.¥, of bare specimen}by thée T.T.F.of bare specimen
{X100) at each stress level and, thereafter, by averaging
over the three stress levels. From Fig. 9 it becomes ob-
vious that the degree of protection offered by yq-Alz03=,
as an effective anodic coating against §.C.C., depends
not only upon its thickness but moreover upon substrate”s
thicknegs. In the comparative Table III, specimen thick-
nesses are ordered in descending series according to the
protection they benefit by a y1-Al,03= layer of a defini-
te thickness. Actually, 1.00mm thick specimens seem to
be better protected by anodic oxides of thicknesses betw-
ween 45.6 and 11.0um; for thinner oxides, between 11.0
and 7.5um, the best protection is observed on 0.50 mm
thick specimens; and for even thinner oxides, up to the

-

.
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 lower comparable limit of 5.0um, the best protection -is .
assigned to 0.25xm thick specimens. (Of cbSurse, 2.00 mm
. thick specimens are omitted because their behaviour 'is
not comparable to the rest. '

rurthermore, these observations lead to the thought
that the degree of protection against $.C.C. that anodic
y1~Aly03= offers to Al~2.5% Mg substrate is strongly con-
ditioned by the thicknesses of both the former and the
tatter. To demonstrate that such a dependance occurs, a
diagram (Fig. 10): specimen thickness,e, vs per cent spe-

‘cimen protectioh,p, is drawn, which is derived
by -successively interpolating the curves of the Pig. 8.
Fig. 10 illustrates = that, the protection of

a specimen against S.C.C. greatly depends upon both the
thickness of protective anodic¢ coating as well - as
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its own thickness. This provides a fertile ground to grow

- up the conception of a "protective system"; so, when eva-

luating the performance of a protective system in the
laboratory, _as. well as in service, it is ngcessary to
consider‘as_detérmining parameters, boeth anodic coating

thickness and substrate”s thickness and not only the first.

ds it is usually doneé. From the curves of Fig, 10 it is,
also, seen that the way of performance of the protective
system alters a great deal when the oxide thickness chan=-
ges from 7 to 8um.Particularly,for thinner than 7.0um o~
xide coatings the dearee of protection is greater the
thinner .thé specimen gets: but for thicker .than 8.0um oxi~

-de coatings the degree of protection is greater for spe-

cimens  of intermediate thickness. The protection
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tection,p; izn=6A/dm2; i=0.5mA/cm?.
becomes maximum for 0.50mm thick specimens when 8.0um<

<x<11.0um and '1.00mm thick specimens vhen x>12.0um. For
example in the case of x=15.0um [where ‘thinner anodic
coatings tend to thicken under natural conditions, as it
is known from experience (5)] the protective system gains
an additional yield on its éffectiveness if the ratio o-
. xide thickness/metal thickness ig 15.0/1.00. This ratio
igs more realistic and valuable, indeed, in service con-
ditions. Therefore an imporitant suggestion 1is that
thicker than 1.00mm AI-2.5% Mg alloy plates or sheets,
as building materials, could be replaced by 1.00mm ov
thinner ones, which could be more effectively protected..

A suitable interpretation of such alterations obser-
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TABLE ITI
EVALUATION ' OF EFFECTIVENESS OF ANODIC OXKIDE COATINGS .
IN  PROTECTING. SUBSTRATE AGAINST 5.C.C. ACCORDING TO
SPECIMEN THICKNESS

Oxide thickness Order of protection

“in um Number in brackets indicates spe-
cimen thickness in mm
- 45.0~20.0 (5.00}>{1.50)>{0.50;>t0.25}
";.'gq.ewiécs | .{a;oc;>(e.50)>{1.éo;>(e.25) T
]%12.s~z§.b ] (1.00)>(0.50)>(0.25)>(1.50)
11.0- 9.0 | (0.50)>{1.00)>(0.25)>{1.50)
9.0~ 7.5 (0.50)>(0.25)>(1.00)>(1.50)
'7.5- 5;9 {0.25)>(0.50)>(1:00}>(1.50)

ved in protective efficiency of y,-Al,03 according to
specimen thickness should be based on each one of the
following reasons: {a) The secondary structure {especial-
ly the porosityjof yq1-Ala03 © is affected by the ge-
~ ometry of the electric field during ancdising when using
thicker specimens (19}. (¥} Thicker specimens have grea-
ter exposed surface,; i.e. for a constant current density,
they have propertionally higher demands in anodic current
during anodising as well as during 35.C.¢C. testing; in ad~
dition to this the prolonged exposure under test condi-
tions results - to a sensitisation of the substrate
in"§.C.Co (13}, .{¢} While .the form of the stress field
at the crack tip shifts from plane stress conditions{spe-
. cimen thickness 0.25mm) to plain strain ones (marginal
specimen thickness 2.00mm), the mechanical properiies of
"anodic c¢oating could hardly be suited to substrate’s de-
formation. This inability is much more pronounced in the
. case of 2.00mm thick specimens where anodic coating falls
to play any protéctive role.



1.

55

mm)

2,004 e e——— ' " 3
.54 : .
. 1o _ -

R L o . - . J1 ™
i

0.254- . : ' s ) R
v 45 3095 20 B3I 8- 8, T & T ETgan

i A L N

a8 50 we 150 pl8e)

¢

' Fiq.io. Specimen thickness,e, VS prOtection;pm

CONCLUSIONS | \ |
. The method of protection of an Al-2.5% Mg alloy a-

gainst $.C.C. by sujtably oriented anodic oxide coa-
tings,which had been suggested in some earlier works
of ocurs and optimized for Y{~RAls0g= formed on 0.25 mm
thick specimens,could be successfully applied on .
thicker materials up to a thickness of 1.5%0mm;Thus the
time~to-failure of appropriate specimens could be
prolonged for two to three times. This method, how~
ever, (seems to fail so far to protect the substrate
when its thickness is 2.00mm. ' :

The specimen thickness influences logarithmically its
$.C.C. behaviour as any other parameter influencing
directly the kinetics of the phenomenon; this’ is
mainly attributed to the milder electrical/electroche-
mical and siress conditions predominant in the vicini~
ty of the pit/crack tip in thicKer specimens,and con-
sequently to a proportionally less intense active
path which in the case of Al-alloys has been proved as
a current intensity assisted one. Thus an important
conclusion is that sheet thickness should be consi~
dered as a crucial parameter in the behaviour of me-
+als or alloys undey g.Cc.C.conditions as well as the
stress factor. This should be raken under considera-
tion when designing or maintening a construction un-

‘dexr $.C.C. :

The deygree of protectioh offered by Y;~51203¥, ag- an
effective anodic coating against s.C.C., is strongly
depended not only upon its thickness but also upon

the sqbstrate’s thickness. So, 1.00mm thick specimens

bl
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seem to be better protected by anodic coatings. of
thicknesses between 45.0 and 11.0um; for thinner oxi-

" des, between 11.0 and 7.5um, the best protection is

observed on 0.50mm thick specimens; and, fer even
thinner anodic coatings, up to 5.0um, the best pro-
tection is assigned to 0.25mm thick specimens. 2.00mm

thick specimens do not seem to be protected.
Considering the metal substrate and the anodic oxide

coating as consisting of a "protective system”, the

-i'éway-;Of performance 6f this system is significantly
affected by the thicknesses of both the protective
.coating and the under protection substrate. .In our

particular case it was found that for thinner than

'7.0um coatings . the . degree’ of oyprotection is
. greater the thinner the specimen gets; but for

thicker than 8.0um coatings the degree of protection
isi ' gredter for specimens of intermediate
thickness, becoming. maximum for 0.50mm thick speci-
mens when the coating thickness is between 8.0um to
11.0um and 1.0mm thick specimens when the coating is
thicker than 12.0um. So,the protective system gains
an additional yield on its effectiveness for an appro-
priate ratio oxide thickness/metal thickness.

It is suggested that thicker than 1.00mm Al-2.5% Mg
alloy plates or sheets, ag building materials,
could be replaced by 1.00mm or thinner ones which
could be much more effectively protected.

A suitable interpretation of such alterations obser—
ved in protective -efficiency of Y1-Al303 according to
specimen thickness should be based on each one of the
following reasons: {a) The secondary structure {espe~
cially the porosity) of Yi=81203 . £ is affected
by the geometry of the electric field during anodi-
sing when using thicker specimens. {b) Thicker speci-
mens have greater exposed surface, i.e. for a constant
current density, have proportionally higher deémands
in anodic.current.during anodising as well as during
5.C.C. testing which,in addition to prolonged exposu-
re under test conditions,result to a sensitisa~
tion. of the substrate in $.C.C. {c) While the form of
the stress field at the crack tip shifts from plane

.8tress conditions {specimen thickness 0.23mm} to plain

strain ones {margipal specimen thickness 2.00mm), the
mechanical properties of anodic coating could hardly
be. suited to substrate’s deformation. This inability
is much more pronounced in the case of 2.00mm thick
specimens where anodig¢ coating fails to play any pro-

tective role.
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ABBREVIATIONS AND SYMBOLS

12.

Electron Microscopy
Stress Corrosion Cracking

C.
.M. Scanning Electron Microscopy
F

Time-to-Failure (specimen life)
specimen thickness, in mm
impressed anodic current denszty, in mA/cm2

ianp anodising current density, in A/dm2

Qan quantity of current passed during anodising,in C/dm2
o stress level {or load of a specimen)lin kg/mm?2

vo.2 vield stress, in kg/mm2

t specimen life (T.T7.F.), in min

tan- ancdising time, in min

X anodic coating thickness, in um

REFERENCES i

1. TH.SKOULIKIDIS, ATH.KARAGEORGOS, K.LAOUDIS, N.XKQULOIM-
BI, Proc. 30th Confer. of AGARD, Atkens, 1970,

2. TH.SRKOULIKIDIS: “Pxopositiens sur des thémes pour dis-
cussion”, invited paper in the Conference of Ericeira
{?ortugal) on "The Theory of Stress Corrosion Cracking
in Alloys®, 1971,

3. TH.SKQULIKIDIS, ATH.KARAGECORGOS, Proc. 3rd Int. Congr.
MarineUCoxrosion and Fouling, Washington, D.C., 1972,
p. 499/

4. TH,SRQULIKIDIS, ATH.KARAGEORGOS, Br. Corres. J., 16,

.17 {1873). '

5. TH,SKOULIKIDIS, P.SPATHIS, ibid, 17, 79 (1982).

6. TH.SKOULIKIDIS, ¥.BATZIAS, Proc. 4th Int. ICSOBA Cong.,
Athens, 1978, p. 338.

7., TH.SKCULIRIDIS, ATH. KARAGEGRGOS, Br. Corros. J.4 13,
28 (1978}. .

8. TH.SKOULIKIDIS, ATH.KARAGEORGOS, ibid, 15, 41 {(1980).

9. TH.SKOULIKIDIS, AYTH.KARAGEORGOS, P.SPATHIS, Proc.
5¢h 'Int. Congr. Marine Corrosion and Fouling, Barcelo-
na, 1980, p. 28. _

10, TH.SKOULIKIDIS, K.SARROPOULOS, 4th Int. ICSOBA Congr.,
Athens, 1978, p. 356, ’

1. TH.SKOULIKIBIS, ¥F.BATZIAS, ibid, p. 375.
TH.SKOULZKIDZS, G.PATERMARAKIS: "Catalytic Properties

of yi=, ¥9,2-, ¥2-Al203", Dr. Degree Thesis of G. Pa-
termarakis, Laboratory of Physical Chemistry and Ap~
plied Electrochemisiry, National Technical University
of Athens, 19B4.



58

13, ATH.KARAGEORGOS, Proc. 5th Int. Congr. Marine Corro-
sion and Fouling, Barcelona, 1980, p. 4. _
14, TH.SKOULIKIDIS, ATH.KARAGEORGOS, G.BATIS, Br.Corros.
J., 11, 143 (1976}, . _ T “
15, TH.SKOULIKIDIS, N.KOULOUMBI, ibid, 14, 216 (1979).
16. TH.SKOULIKIDIS, G.BATIS, N.KCULOUMBI, ibid., l§,152
{1980} . ' '
17. TH.SKOULIKIDIS, G.BATIS, N.KOULOUMBI, Proc. 5th Int.
Congr. Marine Corrosion and Fouling, Barcelona, 1980,
~p. 16. o
18. TH.SKOULIKIDIS, J.KOLIOS: “"Study, predict and explain
the behavior of Al-Mg and Al-S$i alloys undexr 5.C.C.
conditions®, Dr. Degree Thesis of J. Kolios, Labora-
tory: of Physical Chemistry and Rpplied Electrochemi-
stry, National Technical University of Athens, 1983.
19. TH.SKOULIKIDIS, M.NERSISYAN: "Protection of Al-Mg
alloys against S$.C.C. by properly oriented anodic .
y1-Al203 for various sheet thicknesses”, Dr. Degree
Thesis of M. Nersisyan, .Laboratory of Physical Che-
mistry and Applied Electrochemistry, National Terw
.chniecal University of Athens, 1984. '



59

Small Scale Field Test of Steel Wire Ropes in Submerged Sea Water

Which is simulating Tension Leg Platform Mooring.

Haruo SHIMADA
R & D LABORATORIES-1, NIPPON STEEL CORPORATION

1618 IDA, NAKAHARA-KU, KAWASAKI 211, JAPAN

Abstract

In order to realize the steel wire rope mooring of T.L.P, it is
inevitable to obtain the valuable information as many as possible.
For this purpose, we designed the exposure equipment simulated to
T.L.P mooring and immersed it into sea water for long term.
Through this exposure test in offshore environment, we could make
clear the characteristics of such a 4 points mooring as T.L.P,
marine: fouling and the wire ropes under the extreme variation of
tension load due to irregular wave force with lapse of time which
ig so called the severe corrosion attack. In addition, we showed
the possibility of developing the wire rope with high resistance
against such attack.

Re gumé

Dand Le but.de réaliser 1 ancrage avec des cables d"a-
cier de T.L.P.,il est inevitable d obtenir les informa-
tions les plus précieuses et les plus nombreuses. Pour
cela nous avons dessing (coanstruit) 1l egquipement ¢ ex~
position 'simuléd pour 1Tancrage de T.L.P.et immergé dang
17eau de mer & lohg termes. A l7alde de ce test d expo-
sition en environemeni,K en mer profonde nous avons pu
mettre en évidence les caraciéristigues gui correspon-
dent & 1”ancrage de 4 points de T.L.P.,la salissure ma-
rine et les cables . d acier sous les variations extrémes
de la tension de charge gui sont dies & la force irré-
gulidre des vagues dans un lapse de temps qui est appel-
1 "1-attaque sev@re de la corrosion”. Nous avons  mon-
tré également la possibilité de dévelloper des C&bl&ﬁ
pour présenter une résistance accrue contre une attaque
de ce genre. :
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1. Introduction

Concerning the application of wire repe to T.L.P mooxing, several
reports(}l - 3}have been already discussed. But there are.no
reports dealing with the behaviour of the wire rope materials
exposed ¢o the offshore eavironments under tension loading.

The purpese of this study is to examine the corrosion fatigue and
fouling of various steel wire ropes in offshore environments by
using the small scale exposure equipment simulated to T.L.P moor-
ing and o obtain the new knowledges in order to realize the
steel wire ropes mooring of T.L.P. '

2, Esxperiments and Results

Steel wire ropes prepared for this study

From the preliminary one year corrosion test of various single
wires under constant tension load in sez water, we found out

that the homogeneous peariite structure and the bearing of such
antiw-corrosive elements as {r, Mo are ineviatable in order to
increase the corrosion resistance of steel wires in sea water.

In addition, we could confirm that tHe single wire of austenitic
szainless steel showed extremely high resistance against sea
water’ corfosion attack but their ropes tended to corrode much
more rapidly than the ordinary steel wire ropes due to the gevere
corrosion attack cccuring in crevice. of Topes,

According to the previcus_:eport(é), the bearing amounts of Cr
should be decreased under 5% in steel to avoid the crevice
corrosion attack in sea water. It is alsc indicated that the
decrease of the inclusions in steel tend to increase the
resistance agaainst fatigue deterioration of steel materials.
Therefore, we can expect the high resistance against corfosion
fatigue of gteel materials by decreasing their Sulphur content

as low as possible in case of high carbon ordinary steel wire,

In refering these knowledges, the following four ateel wire ropes
were prepared for this study.
Ordinary steel wire ropes SWRS 77B

. Ultra low 5 type ordinary steel wire ropes SWRS 778 .
 The steel wire ropes with the possibility of high resistance
against the sea water corrosion attack

2Cr - 2Co -~ 0.02Mo bearing wire ropes,

2Cx «~ 2Co ~ 0.08Mo bearing wire ropes,

Ordinary steel wire ropes SWRS and ultra low & SWRS are commer-
clal grade wire ropes, 2%Cr bearing steel wire ropes started
from 100kg ingot molten in induction furnace. The chemical
compogition and mechanical strength of these steel wire ropes
are shown In Table,l and Table.Z.
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Bxperimental procedure

Exposure equipment simulated to T.L.P mooring(Fig.1)

We designed this egquipment so that we can simulate to T.L.P
mooring as near as possible and obtain the valuable informati,
as many as pessible in order to realize T.L.P wire rope moorip
in the near future and exposed if to sea water for long term,

The keypoints of this design are represented as follows.

(.

(2.

(3.

(43,

(3).

The one is used-for mooring the float and therefore e

According to the previous reports of T.L.P design{l - 5,6)
the vertical height of this platform porticn located in th’
submerged zone of sea water is much longer than that of e
this platform portion located over sea surface in oxdey g -
increase the stability against wave force. °
To realize that sta¥ility in such a very shallow water ,

as used in this study, it is necessary to keep the platfoea
steadily in the submerged zone of sea water. The most ™
significant factor of the platform of T.L.P is the leati
foree to give the temsion load on the wmooring tethers, T
Accordingly, we set the float steadily in the submergeq |
zone of sea water in ocur study. The float is consisteq 62
the ¥FRPY drums and steel frames. = _
The boundary section between the sockets holding steel
ropes snd the wire ropes tends to be deteriorated by cop
gion fatipgue attack of sea water. In addition, organic
resin 1s recommended as the material poured into the g
{(5). Therefore, we selected polyethylene resin and epg,
resin whose water pearmeabllity is extremely low as the
compound material in the socket, And we covered both gy,
steel socket surface and the steel wire ropes portion
connected to the socket in length of about 100mm with
butyl rubber layer in thickness of 5 mm.

The ‘significant point of T.L.P design is to avoid the
rorsion force due to wave force as well as possible.
Therefore, we set the swivels in.all the wire rope moopy
lines for this purpose which can absorb that torsion fgrqg
The other significant polnt of T.L.P design is to keep tha‘
the stability of the anchor installed in the sea bed iy
order to support the mooring forde. Accordingly, we sg¢ 4
concrete anchors whose weight is eaough for supporiing the
filoating force and wave force. S

Iri T.L.P mooring, it is necessary to keep the balance of 9
platform even if the sudden rupture of any mooring Tope he_
iime occurs. In dxder to approach to this aim, we prep,
simultaneously two wire ropes at each mooring cormer,

ire
o

teq

Xpog
to sea water under tension load. The functiom of the ch:d
is to maintatn the balance of the float in the sudden °r
rupture of the above wire ropes and therefore exposed g,
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(6‘) *

sea water free from temsion load In order Lo éelay its
deterioration as leng as possible. 5

In addition, we are connecting the float to 4 steel piles
by 4 long chains which are not contributing to ‘mooring the
float at 31}, but are available for preventing the missing
of the float even in the negligible small case that a2il of
8 wire ropes break suddenly.

In oxrder to apply the wire rope mooring to T.L.P,; we have
to forecast the life of steel wire ropes under tension load
and to obtain the information about the good timing to

" replace the wire ropes. For this purpose, we set the load

cell in each mooring line and checked the tension load
force with lapse of time. The outline of this amchors and
the float comnected to wire ropes with such various parts
as sockets, swivels, load cells and shuckles is shown in
Fig.Za and Fig.2b.

Rasults

From this experim&ntal results, we could obtain the following new
knowledges.

1.

2.

3).

4},

4 point mooring in this study consists of the typlcal
statics {ndeterminate mooring which represents a couple of
wire ropés facling each other under approximately equal ten- .
sion load, but a coupie of the nearest neighhor under
different tension load.(¥Fig.3)

Each mooring wire rope is expesed to sea water under
varizble tension load changing with lapse of time. The
extreme variation of tension load with time might be due to
the irregular wave force,(Fig.4) From .these results, it is
elear that the mooring wire ropes of T.L.P tends to

‘deteriorate due to corxrosion fatigue in sea water,

The deterioration of spiral wire ropes.due to the rupture

_of the single wire ‘of their surface layer can be checked

vary easily by divers.(Fig.3)

2Cr ~ 2Co - 0.08Mo bearing wire ropes caused mechanical
rupture of one single wire belonging to their surface
layer within 3 months after the beginning of expostre test,

* This-might be due to the presence of the residual tiny

martengite in the homdgeneous pearlite structure which
tends to cause mechanical defects resulting in rupture under
tension load. Once such rupture occcurs, the deterforation

- of the spiral steel wire rapes tend to be accelerated very

3.

rapidly.(Fig.6)

‘The ranking of the resistance agalnst marine fouling after
1 year exposure in sea water is described as follows.{Fig.")
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No.i 3 20r - 2Co - 0.02, 0.08Mo bearing wire ropes

No.2 3 Yltra low 5 SWRS

Ne.3 3 Ovdinary SWRS:

. 8), 15 months have elapsed since the begimming of the exposu—
retest of mooring wire ropes, but any of the above mentioned
three wire ropes except 2Cr - 2Co - 0.08Mo bearing rope has
not shown the rupture due to corrosion fatigue., This might
be due to conitroliling the variable tension load within the
range of 0.33 minimue to 5% maximum of the braking force of-
the wire ropes.

7¥. T¢ is well known that the price of Cobalt element is very
expensive. In our additional work, we have succeeded in
commercial production trial of cheap 2Cr - 0.05/0.2C0 - .

- 0,03Mo bearing steel wire comsisting of homogeneous peariite
structure with no residual martensite by using Slow Cooling
System and direct cold extrusion. Their mechanical strength
is gshown .in Table.3,

3, Conclusion

In order to make clear various problems in T.L.P wire rope
_mooring, we carried out the long term simulation test in offshore
environment by using the special small scale exposure eqaipment.
From this study, it has been revealed that the corrosion fatigue
and marine fouling are the most troublesome probems for realizing
T.L.P wire rope mooring., In additfon, we could Indicate the-
possibility of developing the wire ropes with high resistance
against&such attack.,
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Fig.l1 Side view of the exposure equipment simulated

to T.L.P mooring.
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Launching of the float with
load cells, sockets, wire

Launching of the anchor ropes and other parts.

Fig.2a Launching of the anchors and the float connected to
wire ropes with various parts

2 e e ] £

. Fig.2b Setbing work of the exposure equipment simulated to
T.L.? mooring into the submerged sea water.

The float is moored by 4 wire lines under tension
load which are comnected to the cohcrete anchor.
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Sockets connecting the float | Swivels Load cell

.- and wire ropes Load (_-:eli Sockets

Fig.2C The vigw of the sockets connécting wire rapes,
Swivels' and load cells

Load cell

Wire rope under tension load

Sockets _ : Wire ropes
¥ig.2d The view of the zockets, load cell and wire ropes
N of this equipment in sea water observed after 7
month elapsed.

Load free wire rope
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Location of the wire ropes supprting
the float by means 0‘5‘ 4 points mooring

File Pile
b A7
R 1) v _ 4
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Al Lope under en%ion 10a§_‘
Ay 1

Plane figure of t:he exposure eguipment
gimulated to T.L.P Mooring

Of fshore S 1de( 4}

g i o ~ O

e,

.

i
i
l 29th March 1983

" Shore Szde(?}

Fig.3 Tension load of each wire rope under 4 points mooring
examined by means of load cell and ton-cycle counter.



76

Fro

m 3 to 4 p.m , 29th March 1983 Wind Speed ; 3.2 m - 5.2 p

Wind Direction : N - NNE

Tide difference ; Approx. 1.5 m

From 10 to 12 a.m, 26th May 1983  Wind Speed 5.5 m - 7,7 m

Fig.4

Wind Direction ; NNg

2 Wave condition of the sea area installing the exposure
equipment simulated to T.L.P wire rope mooring.,
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Fig.4b Variation of the Tension Load of the Steel Wire Rope
lacated at the Shore Sidel?) with Lapse of Time examined
by means of Load Cell.
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Fig.5 The deterioration of splral wire rope checked by diver's
ingpection.

After 12 months

after 7 :i;&nths

i c e . + ? +

. Fig.6 The, deterioration procedure of the spiral w;_re ropes u_nder
tension loading in sea waber.
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Fig.7 Marine fouling behaviour of various wire ropes immersed
in sea water. .
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Crevice Corrosion Testing of Stainless Alloys in Seawaler

J.H. Krougman
F.P. IZsseling

Corrosion Laborstory, Royal Netherlands Naval College,
1781 AC Den Helder, The Netherlands

Crevice corrosion of several stainless steels and nickel alloys
under an O-ring has bDeen stimulated by anodi¢ pelarizstion in sea-
water. In order to favour crevice corroesion 1n1t19t10n the erevice
area was provided with scratches,

The influence of alloy csmp031t10n, partlcuiarly the role cf mo-
lybdenum on the crevice corrosion tempersturs has been established.
The results of these tests have been compared with polarization
measurements in simulsted crevice solutions and muliiple crevice
assembly tesis in seawsier.

Some limitations of the resulis obtained are highlighted.

La ecorrosion caverneuse de guelques aciers inoxydables et de quel-
ques alilages de nickel sous une rondelle a été provoguée par la
polarzsatlan ancdique en eau de mer. £n appliquant des rayures -
dans la région de caverme, 1'initation de la corrosion caverneuse
a été stimulée.

Lltinfiluence de ls composition chemique, en particulisr le rdle du
molybdéne, sur la temp#rature de la corrosion paverneuse a éid
déterminde.

Les résulials de ces essais ont été compardes avec les mesures de
polarisation dons des solutions de caverne simulées et des essais
d'assenblage de.caverne multiple en eau de mer.

fuelques limitations des résultsts obtenus sont signalés.
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1. Introduction.

Succesful applicstion of stainless alloys in seswater depends on the
. absence of crevice corresion. For this reason corrosion testing of
stainiess alloys especially concerns this type of localized attack.

A well known problem of crevice corrosion testing is the scatter in
tast results'. This results from the complicated nature of crevice
corrosion. Many factors  influence this type of atiack such as: alloy
composition, microstructure, surface condition, geometry, solution
chemistry, potential, time. OF all these factors a major one is mlCFO—
crevice geometry as was indlcated in mathematicel medelling studies?.
Far this reason accidental differences in micro-vrevice geometry can
effect test resulis considerably. :

On this basis two possibilities can be indicated to decrease data
scatter. First to earry out testing as careful asnd reproducable as
possible. Second to increase the number of specimens to be tested?,
This pessibility can alsoc be understood as an increase of the number
of micro-crevices to be applied on one specimen.

In crevice corrosion testing conditiens of maximum severity are re-
commended? . Within given chemical, metallurgical and environmental
conditions, crevice corrosion can be stimulated when:

- previce gap and crevice depth {Fig. 1) to be applied have critical
dimensions for crevice corrosion initistions
- - the potentisl to be appliéd has the hzghest value which stalnlass
- alloys can reach in seawater;
© — the duration of the test is long enough for the crevice solution to
reach the critical composition for crevice corrosion initiation.
The values of critical crevice gap and
depth are between 0.1 and 1 micron®.
jeii;j;j;i;j;i;// These values conform with the widih and
el depth of grinding scratches. Thus situa-
;{; a tion of partly covered scratches may
/// ? 4 g3 stimulate crevice corrosion initiation
,/1;i;i;f;i;i;,/i 5-7, Moreover application of a great
nusber of micro-crevices is teo be pre-
B fered sbove one tiny crevice which is
difficult to reproduce®. Using a grea-
ter number of micro-crevices the in-

Fig. 1. fluence of accidental variations can be
Crevice geometry: ©  restricted. Moreover the probability of
= gap and b = depth reaching critical conditions for cre-

vice corrosion initiation will be ip-
creased, thus diginishing data scatter.
stng rubber for eovering the scratchﬁs stinulation of crevice corro-
sion initiation will be cptzmlzed
frevice corrosion is cnnszdered not o initiate at a specific exter-
nally applied potentiall® Howaver eonsidering crevice corrosion to
be a partzcular case of pzttzng stimulation of crevice corrosion
will require exposure at the highest polential stainless alloys can
reasch in seawater.
Initiation of crevice corrosion of stainless aliays is concerned
among other things with local acidification and increase of the
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chiorine ion concentration. The time to reach the critical composi-
tion for initiation of crevice corrosion may vary from a few seconds
to hundreds of hpurs. This time is proportional to the crevice gap and
inversely proportional to the corrosion current density®!.

femperature may alse effect crevice corrosion initiation, in this
respect the crevice corrogsion temperature {CCT)Y has been defined as
the temperature below which no localized corrosion will oceur'?.

On this basis it was decided to determine the susceptibility for
initiation of various stainless alloys under erevice corrosion stimu-
lating conditions in seawaler at- different femperatures. The resulls
of these experiments were compared with the results from polarization
measurements in simulated crevice solutions, which may indicate the
relative resistance to crevice corresion initiation!®!". Horeover
the test results have been comgared with those of multiple crevice

assembly {MCA) exposure testsi in seswater.

.2. Experimental.
2.1, Materials.

Two groups of iron and nickel base austenitic siloys with varying
molybderum content were selected for testing, Several commercial
_stainless steels with the highest. available molybdenum contents were
added to the program. The compositions of these materials are given
in Table 1. :

Commercially produced sheet was used in as delivered conditien for
testing, The thickness varied between 1 and 4 mm.

Table 1. Nominal Chemical Composition for Alloys Tested

Flement % wi

Alley 7 cr Ni Mo Cu Fe Other
AISI 316 L 18 10 2.5 Bal

1713 NN 17 15 4.5 Bal  0.15 N

A 963 17 16 6 1.6 Bal 0.15 N
254 MO 20 18 6 0.7 Bal 0.20 N

AL 6X 20 - 2% 6 Bal

1925 hiMo 21 25 6 1.7 Bal  0.14 N
INCOLOY 825 22 Bal 3 2.2 30 1Td
HASTELLOY G 27 Bal 6 1.8 20 2 Cb + Ta
INCONEL 625 22 Bal 9 2.5 3 Cb+ Ta

2.2. Potentiostatic Exposure tests.

These tests have been carried out with a limited number of speci-
mens each provided with a large number of micro-creviges. From every
alloy at least five panel specimens {20 % 20 mm) have been made.

Before testing the specimen was abraded on one side with silicon
carbide emery paper (HERMES FLEX 18) up.to grit 800 and polished with
diamond paste 3 um. Next the specimen was scratched with emery. paper

L
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grit BOG to introduce micro-crevices. In four sirokes, each stroke
with fresh emery paper, the specimen obtained a standard pattern of
about 1,300 scratches. The scratching assembly (Fig. 2) consisted of:
1. load of 3 kg; 2. saddle of PVC; 3. emery paper (adjusted under

saddle with double sided adhering tape); 4. specimen; 5. specimen hol~

der of PUC (longitudinal section). The direction of scratching was to
the right. . ' '

After scratching the specimen was rinsed in ethanol, dried in a
stream of gir and weighed. Next the specimen was inserted in a speci-
menholder (Fig. 3) which was made of PVC. By means of a plug (4),

M 35 x 1, the specimen {3) was pressed against a rubber O-ring (1),
BUTA N R118,' internal diameter 14.0 mm and thickness 2.6 mm. The plug
was Fitted with & torgue level of 0.9 Nm. Next the contact wive (2)
was pressed against the specimen. In this way only the surface of
the gpecimen inside the O-ring could come in contact with seawster,

Before testing the O-rings were cleaned by boiling in distilled

water. Every test was carried out with a new O-ring.

2
2
|~ : 3
- &
% s 2 ,,
Fig. 2. Fig. 3.
FPrinciple of scratching Longitudinal section of
‘gssembly specimen holder

fhe holder with the specimen wes immersed in a bassin with Filtered .
(up to 40 pm particle size) slowly moving, continously refreshed sea-
water obtained from the harbour of Den Helder. During the test period
the salihity varied between 22.6 and 29.5%/s¢ and the pi betueen 7.60
and 7.99. The temperature of the gaawatar was thermostatically main-
tained at the desired value + 0.5°C. A schemastic representation of
the test set up is shown -in Fig. 4. It consisted of: 1. graphite
electrode connected to esrth (to suppress interferences); 2. heating
element; 3. contact thermometer; 4. platinum electrode, Winkler type
(AE}; 5. specimen holder (WE); 6. reference electrode (RE). The arrows
indicate seawster entry and exit. The reference electrode was a sa-
tursted caelomel electrode (SCE). : -

After adjusting the specisen holder in the basin the free corrosion
potential wgs measured against the saturated cslomel slectrode. After
two minutes the specimen was polarized at 500 mV SCE potentiostati-
cally {Wenking M" 75). This potential was chosen because it was zbout
the highest value stainless alloys have reached in seawater?S?17,

The current flowing between specimen and plstinum electrode was re-
corded {(Kipp 8D 5) via a resistance of 10 ohm as a function of time.
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-

Woreover vis a zero resig-’
tance amneter (ZRA) the
current was integrated to

pr— .. Getermine the charge trans-
fer or total charge.

the circuit diagram js
shown in Fig. 5.

The time up to 8 sudden
increase of the current
was regarded as the ini-
tiation time. After three
‘hours the test was siop-
ped. The specimen was re-
moved from the holder,
rinsed in ethancl and
dried, the corrosion pro-
ducts having been dissol-

ved in a 20% v/v solution
g% Potentiostat of nitric acid. Next the

S [:jf specimen was weighed.

p S—— S}

5

Fig. 4.
Schematic diagram of test cell

Finally the maximum pene-

tration depth was deter-
ZRA mined with & calibrated
. 1 . microscope, magnification
x.1 1640 .
Recarder Integrator At each temperature of
10°, 25%, 40%, 55° and 70%
Fig. 5, five tests were carried out.
Circuit diagram _ However, the tests were

continued in general up to
the crevice corrosion temperature plus 15%., '

One specimen of each alloy tested was used to determine the hard-
ness (HVse) and the surface roughness (CLA) in the scratched areas.
It appeared that the hardness varied between 160 and 250 and the
roughness between 0.10 and 0.40 pm. Although considerable differences
exist in hardness no significant differences in surface roughness
were obhserved.

2.3. Polarization Measurements.

The electrode consisted of a piece {17 x 17 .mm) of the material to
be tested on which a rod of brass {length 140 mm and diameter 8 mm)
was brazed. These parts were mounted in epoxy resin (EPOFIX). At the
top of the rdd about 10 cm wag left uncoated.

The test cell (Fig. 6) consisted of: 1. electrode; 2. sliding con-
tacts of graphite; 3. pulley.drive; 4. shaft with bearings; 5. coup-
ling to electrode; 6. tube for nitrogen bubbling; 7. reference elec-
trode with capillaty; B. auxiliary electrode of platinum; 9. double

walled’perspex cell with inlet and outlet (see arrows) for thermo-
stated water; electrieal connections to working-, auxiliary snd refe-
rence electrode WE, AE and RE respectively. : '
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From s resecveir thermostated wa-
ter at 2% ilﬁ.SOC was pumped through
the double wall.

Tne basis of the simulated cre-
vice solutions was artificially pre-
pared seawater (according to ASTH
standard D-1141-532}. The ph of this
seawater was about 8.8. The solu-
tions with an extra amount of so-
dium chloride were prepared prior
ke the acidification with hydro-
chioric acid. The amount of sodium
chloride depended on the desired
final pH. An addition of 146 gram
sodium chlioride per lifer seawaler
' {= 2.5 M) corresponded with pH 2,

An addition of 263 gram {¢ 4.5 M}
corresponded with pH 11",
By injecting nitrogen bubbles

Fig. 6. (2 dn® min™') these sclutions were
Ceii for pelerization | frsed from oxygen. The iniroduc-
measurements tion of nitrogen started 30 min

_ prior to immersion and continued
during the measurement. After deaerating the oxygen level was less
than 750 ppb. : .

Several minutes before polarization the working electrode was abra-
ded with grit 220, cleanad with ethanol and dried in a stream of air.
An unshielded area of 1 om® was created, sticking electroplaters tape
on the metal surface. Next the electrode was adjusted in the cell.

" An electriemotor rotated the working electrode at about 1,500 rpm.
flectric contact to the working electrode was made using sliding con-
tacts (graphite).

Polarization started 200 mV less noble than the. free, corrosion po-
tentials The potentiostat {Wenking L.1-78}, controlled by the Wenking
SMPLGI-acanner, altered the potential in the noble direction. the
" geanning rate was 10 steps of 2 m¥ min~*, The current between working
and auxiliary electrode was led through a resistance box., A x-i re-
corder (Kipp BD 8) registrated the potential difference over the ad-
justed resistance. Polarization ceased after reaching a current of
500 pA. All measurements have been carried out at least in duplicate.
Every measurement was performed in a fresh solution.

2.4. Myltiple Crevice Assembly Exposure Tests.

Thesé tests were carried out with panel specimens (150 x 100 mm).
Twa surface conditions were applied namely mill finish, and abraded
with grade 220 silicon carbide paper. The crevice nuts were fitted
with & torque lsvel of 0.7 Nm. In order to be able to carry out elec-
trochemical measurements a copnection wire was brazed at an edge of
the panel specimens. To aveid galvanic effects from the contact wire
the specimens were painted. The epecimens in mil}l finisgh condition
were painted at one side and abraded with grit 800 on the cther sides.
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The specimens in abraded condition were painted on all edges. the
single tesis have been performed in seanater at 257(. Hore datails
poncerning these exposure tests have been reported elsewhere!”. Af-
ter exposure the penetration depihs amd areas of attack were deter-
mined micrascopically. From the mean penetration and area of attack
the extend of attack was calculated.

3. Hesulis and Discussion.

3.}. Potentiostatic Exposure Tesis.

3.1.1. Initiation of Crevice Corrosion.

All specimens which initiated localized attack suffered from cre-
vice corrosion under the O-ring preferentially in the scratched areas.
Thus it was confirmed that partly covered scratches are effective
micro-crevices.

The lowest tamperature at which the materials initiated crevice
corresion or the cravice corrosion temperature (CCT} can be derived
from Table 2. It appears that with 1ncrea81ng the molybdenum content,
the CLT also increases.

Table Z. Number of Specimens Which Initieted Crevice Carrosion
in Potentiastatic Expesure Tests

Material 10°%¢ 25%¢ 40°%¢ 55% 76°¢C
AISI 316 L 5 5

1713 NON 0 5

A 963 8 4(1) 5

AL 6X o 5{1) 5

1925 hMo o 0 1(2) 5

2546 SMO 0 0 1 2
INCOLOY 825 5 5

HASTELLOY G 1(1) 5(2)

CINCONEL 625 a o 0 3 3

{13 Unstable crevies corrosion.
{2) Tendency towards repassivation {3 specimens oF HAS?ELLBY G}.

Although A 963, AL 6X, 1925 nMo and 254 SMD contain about the same
amount of molybdenum different values of CCT were observed. The alloys
A 943 and AL 6X showed the seme resulis. Most resistant aslloys are
254 S§O and INCONEL 625 which remained free from crevice corrnslan up
to 487°C,

The number of material and temperature combinations which initiated
erevice corrosion was }7. From 13 of these combinations at least 3
specimens initiated. From 9 combinations 5 specimens initiated. These
figures indicate the raprodacablllty of initiation to be convincing,

After initistion of crevice corrosion three types of propagation
could be distinguished: stable propagation, stablie propagation with
tendency towards repassivation and unstable propagation. The last two
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types of propagation preceeded stable ecrevice corrosion at the next
higher temperature. .

“
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Schematic representation of current as a function of time
st 500 mV 5CE

From Table 2 snd Fig. 7 it can be learnt that stable crevice attack
is characterized by an uninterrupted increase of the current. Repas-
sivation is sccompanied by a decrease of current. The current-time
curve of unstable crevice attack shows an increase of the current
which is less than 1 yA while the shape of the curve is the same as
in the ‘case of no initistion. For these reasons the initistion time
of unstable crevice corrosion could not be determined accurately.
The initiation times at various temperatures are given in Fig. B.

it appears that the initiation times vary between a few seconds and
~ three hours, increasing with the molybdenum content. An increase.of
temperature tends to decrease the initiation times and to increase
the scatter in the initiation times. B _

from the alloys in the present study CCT values have also been de-
termined by other authors under other conditions. Garner'® and Nikhil
et al.'? used a 10% ferric chloride solution with redox potential
600 mV SCE, 120 grit specimen finish and rubber and TEFLON crevice
devices respectively. Manning?’ used a 4% sodium chloride + 0.0l M
hydrochleric ‘aeid + 0.1% ferric sulphate solution {(oxydizing scdium
¢hloride - hydrochloric scid) with redox potential 630 mV SCE, miil
finish and TEFLON multiple crevice assembly). ; .
) ?ha“rséults-of these studies can be compared with the present tests
because the poteéntial range in which the alloys have been tested is
about the same. g
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~ Table 3. Initiation of Crevice Corrosion in Ferric Chloride
' Tests, Oxydizing Sodium Chloride - Hydrochloric Acid -
Tests and Potentiostatic Tests in Natural Seawater
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Ferric Ferrie  Oxydizing Natural
Chloride Chloride Sodium Seawater
Material ) Chloride :
Garner Nikhi}  Hydrochleoric
' et al.  feid -
S aIsI 316 L -5 - 0% < 10°
1713 NEN . 18 - 15°C i1 - 252{:.
A 963 . . 11 - 25%
AL 6X 30 - 35°C 37% 25°¢C 11 - 25°c
1925 hMg 35 « 40°C 26 - 40°%¢
254 SMO 40 - asﬁc 46°¢ 36%¢ 41 - 55%
INCOLOY 825 -10 - 0°C. < -50¢ -1t
HASTELLOY & 15 - 20°C 259¢ <0
INCONEL 625 45 - 50°C ‘41 T'ss%c
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from Table 3 it appears that fhe present resuits fit best with the
tests of Garner. In cases of disagreement, AL 6X and HASIELLOY G, the
values of £CT in ferrie chloride are higher than in seawater but then
unstable crevice corrosion was invoelved. _ .

The same holds for the results of Manning. However the (LT of 254
SMO he found is significently lower than found in the present and
other studies. Nikhil et al. found s significantly higher CCY for AL
6X than in the present study.

The difference between the resulis cannot be explained with certsin-
ty. It is possible that minor attack at temperatures below reporied
CCY values has been overlooked or regarded as insignificant. Moreover
gifferences in surface finish and ecreviee device may have influenced
the resulis., However the lower (L7 of 254 SMQ found by Manning can
probably be atiributed to the surface condition. In his tests mill
finish was used whereas in this and other studies the mill finish was
removed by grinding. '

In addition the resulis of the present study may indicate the test
method applied to be more sensitive then the others, possibly achieved
with the large number of micro-crevices.

3.1.2. Propagation of CreuiceACGrroéion.

The maximum penstration depths, mass losses and total charges are
given in Fig. 9. '

1t appears that propagation as indicated by these measures decrea-
ses with molybdenum content, Although the decrease may be partly
attributed to longer initiation times {Fig. 8}, lower currents after
initiation ere believed to be the main fagtcr as indicated by compa-
ring AISI 316 L, é?l3 NCN and A 963 at 257C and INCOLOY 825 and
HASTELEQY © at 25°C in Fig. 7.

Resemblances and differences in propegstion can be observed between
the alloys with sbout 6% molybdenum (Fig. 7 and 9). the propagation of
A 963 and AL 6X is almost the same, At 40%C the propagation of 19235
hMo is lower then the propagation of A 963 and Al 6X. At 559C the Dro-
pagation of 254 SMD is lpwer than the propagation of 1925 hMo.

Although 254 SMO and INCONEL 625 behaved almost the seme with
respect bto initiation of crevice corresion the minimim level of the
total charge for INCONEL 625 is significant higher thhn for 254 SMG.
This means that ‘the curfrent at 500 mV SCE is higher for INCONEL 625
than for 254 SMO. A confirmstion of this behaviour is found in Fig. 7.

The scatter in penetration depths covers one order of magnitude. The
scatter in mass losses and total eharges cover two or three orders of
magnitude. The difference can be explained by assuming mass loss and
total charge to be proportional to the extent of the attack. Penetra-
tion depth is related to the extent of the attack, however, not neces-
sarily according to & linear function. ' '

The scatter in the propagation data may be attributed to the rela-
tively short exposure time.

From the plot of the mass loss against the totai charge it appears
that there is a lineaf relation between mass loss and total charge
{Fig. 10). :
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Comparison of mass loss and total
charge in potentiostatic tests at
500 wV SEE
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Maximum penetration depths of crevige corrosion, mass losses
and total charges at 500 mv SCE :
from Fig., 9.it follows that
S 2001 . _ the total charge is s more
- distinct and sensitive
o measure for the extent of
F wer attack than the mass loss,
u especially when minor pens-
LN trations are involved. When
g w0 mass lass cannct be deter«
I mined gquantitative data of
5ol the extent of attack can be
estimated from total chirge.
When thé alloys remained
i 5 : free from crevice corrasion:
c 28 -40 §8 . the totasl charge varied
o e M255 Lo%S (Mg petween 0.004 and 0.030 €
Fig. 14, for -the stainless steels

and between 0.010 and (.090
{ for the nickel alloys.
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From Fig. 9 it can be derived that initiation of crevice corrosion
was not observed below a total, charge of 0.008 C. Below 0.018 C sta-
ble crevice corrosion did not occur and the maximum penetration depth
was 10 um or less,

in fig. 11 a survey of ‘the attacked specimens: is giveh. it appears
that AISI 316 L alsc initiated pitting on the unshielded surface. The
maximum penetration depth varied between 10 and 420 um. No other alloy
showed macroscopically visible pitting in the unshielded surface.

the 'influence of temperasture on propagation can be derived from

‘Fig. 7, 9 and 1.

10%¢ 25°c ' 2seC wec  ssec - 0°C

HEVIE 1925
~ NCN  hMo hMo

INCOLOY
825,

t«mszea.-"' CHASTEL- alex ALEX “"INCONEL - INCONEL ..

Loy G WY G R §25 825
l ?19 ll. Co

M-Representatzva examples of attacked specimens from
the pctentzcstatlc tests at SDB my SCE

it appesrs that propagatlon of c¢revice corrosion increases with tem-
perature. However, the maximum penetration depth seems to be less sen-
sitive to temperature vgr;atlon as shown by comparing the results for
AISI 216 1 at 10 and 257C and INEONEL 625 at 55 and 70°C in Fig. 9
and 1i.- - b

Comparison of the propagation dete with similar date from the stu-
dies mentioned under initiation was net.possible because the relevant
date were not reported..

Redmerski et al.?! performed crevice corrosion tests in solutions
withpph2, 1,00-10,000 ppm chloride, temperature 60- 18006 using a
mult;ple crevice assembly of ROULON and test duration of 4 months. In
these tests the maximum penetration depths which were chserved for
254 SMO and “INCONEL 625 were 250 and 120 um respectively. These values
were of the same order of magnitude and comparative ratio with the
resulis in the present study which were 400 and 23% um respectively.
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3.2, Polarization HMeasuremenis,

in the anodic pelarization curve of stainless alloys in simulated
crevize solutions the critical current density for passivation (CLD)
and the breakdown potential {BP) represent characteristic points. In
general a high value of LD and a 1ew vaiue of BP indicate suscepbi-
bility for localized attack.

In Fig. 12 the highest values of CCD and the lowest value of BP
have been plotted. As a criterion for the breakdown potentizl a sudden
increase of the current or reaching a current density of 5 ph.om 2
was chosen. In general polarization measurements have been carried
out up Lo the creviece corrosion tempersture plus 15%¢C.

From Fig, 12 it sppears that on increasing the molybdenum content
£CD decreases and BP increases. The lower chromium and nigkel contents
of A 963 as compared with the other gteels which contain sbout 6%
molybdenum result in higher values of CCD and lower values of BP in
acidified solutions with increased chlorine content.
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Results of polarlzatlon measurements in simulsted crevice
sclutiong

From Fig. 12 it also appears that degreasing the pH and increasing
the chlorine ion concentration resuii in an enlargement of (CD for
all alloys. However, the intensity of this effect differs for each
alloy. Moreover on ineressing the temperature CCD increases.

The effect of decreasing the pH and increasing the chlorine ion con-
centration on BP is more complicated. In fact five conditions can be
distinguished: C
l. BF < 5D my S€E;

Z. bP TpH 8) < 500 W SCE and BP {pH 1) < 300 mv SCEy
3. 8P (pH 1) < 500 wy SCE;
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4. BP {pH 8) < 500 mv SCE, BP (pH 1) > 8P (pH 2) and 8P (pH 2) > 500
my SCE; . ' .
5. BF > 500 mV SCE. :
fonsidering crevice cerrosion to be a special kind of pltting the
conditions 1-3 can be regarded as denoting s tendency for crevice cor-

rosion initiation with reference to exposure in seawater at 500 mV 5CE.

fondition 4 indicates at pH § a tendency for initiation. However, in
the acidified solutions this tendency disappears. An alloy with con-
dition 4 will be in the iranspassive region when it is polarized just
beyond BP in seawster {pH 8). Then general attack at a low rate wiil
take place. Condition 5 represents no tendency feor crevice corrosion
initiation. : _ _

Jable 4 summarizes the conditions for the alloys tested. For alil
alloys but INCONEL 625 the role of temperature is obvious.

Table 4, Conditions (1) of Breakdown Potentizl in Simulated
Crevice Solubions ’ )

Material 10°%¢ 25°C 40 55°¢ 70°C
AIST 316 L 1 1
1713 NON 1 1
A 963 5 3 3
AL 86X 5 3 3
1925 o s 5 3 1
256 SMO 5 5 5 1 1
INCOLOY 825 3 1
HASTELLDY G 3 2 _ _
o 4 4 4 4

INCONEL 625

{1) Conditions 1~5.cmrres§und with conditions 1-5 mentioned
previously.

3.3, Multiple Crevice Assembly Exposure Yesis.

The MCA tests were part of a different program. Therefpre only limi-
ted comparison with the potentiostatic tesis is pogsible. Except for -

one alloy,_gnly one specimen per condition was exposed to netursl sea- .

water of 25°C. Nevertheless, in oub opinion the results of these tests
are interesting enough to report here.
In Tabie 5 results of the MCA tests have been summarired.

3.3.1. Initiation of Crevice Corrosion.

From Taeble 5 it appears that aitack under the crevice nut initiated
for AISI 316 L at -150 mV SCE and 140 mV SCE. The other alloys ini-
tiated between 100 and 250 my SCE under the crevice nut. These slloys
initiated under the paint between 210 and 460 mV SCE. When stainless
alloys remesin free from localized attack the corrosion potential in-
creases with increasing exposure time in seswater. Thus initiation
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wnder the paint refers {o longer initiastion Limes than under the cre-
vice nut. The maximum corrosion potential varied between 50 and 475
s\ SCE. . :

Iable 5. Hesulis of MOK Eeposare Tesby

Muteriok Furface Coreosits  Maximgn  keilfe  Prope.  Espogue Mawi. ntent Flags af
Firigh Pelentiad  Cerresion ation  gation  Time anps of Pro- Locelsced

at Imi- Potentiel ¥ime T ame Peap- pEga Ablaek
tiatkun trabion  Liom
ol SCEY taw SEEY  (d) [d} (dy (om.d"? ) {mw’d™"}
BISE MG L BiLE -1%0 . 3 <1 24 EL 0.2 $4.3}  under crewics nigl
A751 36 4 grit ZH: 140 1af 3 58 (33 .41 05 e srewvice nut
75 % %8 .42 B.66  undor paint
FFL3 NCH milk 14 2t ¥ 73 8 B.O1 $.0 umder veevics oot
259 & 72 B4 6%  under paint
FT1% NCN arif T30 L L] 3 3 3 6.03 fi.13  under crevice out
wal 8 23 0,81 .26 wndder pmint
R G635 grik 20 a7 pa) nong
B 6N mili {1} Yy by 5 2 13k 0.u3 A% under ¢revice mut
hrE] ki3 it < Ak B.58  undar peint
AL 68 grit 218 Lair] 713 hishe
254 S Mmili Pt Lra) 8 & e HN 7o B84 under creviee il
ALY B2E @ild B 4 15% i 1 is .0 .B.36  under ereviee nut
CHASTELLEY & mikl 214 388 3 133 Fi:3 .81 .88 under crevice nul
SHEQNEL #35 mill ’ i) I HEonE
{1) Imseesad bn M0 % wiv  njbric acid prior to exposurs.

The initiation times indicate that incressing the molybdenum con-
tent increases the initiation time. The alloys which remained free
from localized attack are A 963 and Al 6X with grit 220 finish and
INCONEL, 625 with mill finish, .

The influence of surface finish on initistion is not elear. However,
mill finish tends to lower initisiion Limes than found for grit 220
finish.

In MCA tests in seawster at 30°C Kain?? observed for AL 6X and 254
SMO with mill finish and Hack® for AL 6X, 256 SMO, INCOLOY 825 and
HASTELLOY: G with grit 120 finish initiation times varying between 3
and 16 d and 1 and 28 d respectively. Our results are within the
renge of these initiastion times. In the work of Kain and Hack INDONEL
625 remained free from localized attack thus confirming our result
with this slloy. ' : :

3.3.2. Propagation of Crevice Corrosion.

The propagation rate of crevice corrosion has been expressed in two
ways. Firstly the maximum penetration per unit of propagation time.
Secondly the extent of propsgetion per unit of propagation time.

It appears that the maximum penetration covers one order of magni-
tude end seems to be independent from the molybdenum content. The
extent of propagation covers three orders of magnitude and tends to
decrsase with increasing molybdenum content. .

From all alloys which initiated 254 SMO showed the least attack due
to a tendency for repassivation. T P

The extent of propagation under the paint is larger than under the
crevice nut beeause the layer of paint can form crevices with larger
width and depth than the crevice nui. oo
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~ The maximum penetration of AL 6X and 234 SM) as calculated from
the results of Kain were almost the same as reported here. The maxi-
mum penetration from the resulis of Hack for AL 6X and 254 SMD are
comparable with our results. However the maximum peneirations for
INCOLOY 825 and HASTELLOY § are higher than we found. An explana-
tion for this difference may be that precise propagation times were
not available. N '

3.4. Reletion Between Potentiostatic Lxposure Tests, Polarization
Heasurements and Multiple Crevice Assembly txposure lesis.

Benerally speasking, the temperature at which the breakdown poten-
tial in one or more simulated creviece solutions was 508 av SCE or
iower corresponds with the crevice corrosion temperature in the po-
tentiostatic tests. This agreemeni confirms thal erevice corrosion
initistion may also be a special kind of pitting. However two gzsw
agreements ¢an be noted. First 1713 NON did not inmitiate at 107C

_although the breakdown potentials were lower than 500 mU SCE. Addi-
tional potentiostatie testing revealed initistion at 12 %¢. Second at
all temperatures the breakdoun putentzal of INCONEL 625 was lower
than 500 mV SCE. However up to 46°¢ this-alloy remained free from
erevice attack.

. In the potentiostatic tests, the polarizelion measuremenis and the
MCA tests at 2508 AISI 316 L, 1713 NEN, AL 6X, INCOLOY 825 and
HASTELLOY § are indicated to be suscaptlble to crevice corrosion ini-

tiation,

Altheugﬁ not initisted in the MCA test A 963 is also susceptlble
for crevice corrosion initiation according to the other tests. The
opposite was found for 254 SMO. This alloy initiated in the MCA tests
but indicated resistance to initistion in the other tfests at 257C.
However .in the MCA test the specimen.was in the mill finish tondi-
tion whereas in the other tests the mill finish was removed. Accor-
ding to the MCA tests of Kein and Hack, however, with 254 SM0 crevice
corrosion initiated at 309 in mlll finish as well as with grit 120
finish .condition,. Possibly the ‘conditions in the MCA tests may be
more severe than in the potentiostatic tests and vice wersa. Moreover
exposure of an alloy at 500 mV SCE may result in anodic protection
of the crevice when the breakdown potential of the alloyrin the cpe-
vice solution remains above 500 mV SCE.

in the poientiestatic teidts INCONEL 625 initisted crevice corrosion
at 55 and 70°C. From all’ ‘polarization measurements in ASTM seawstor
{pH B} it appeared that at 500 mV SCE the alloy was in the area of

: transpasszve'corruslon. However in the polarization measurements as

well as in the petentiostatic tests the current was hlgher at 55 snd
70° € than at the lower teumeratums.

From the maximum corrosion potential in seawater at 25%C and the
lowest breakdoen potential in ASTM seawater at 25°C for HASTELLOY G
and INCONEL 625, both about 40C mV SCE, it follows thet 300 mV SCC is
too high for the nickel alloys in potentiostatic testing. These re-
sults indicate that potentiostatic testing of nickel alloys for sea-
water use at 25°C has to be carried out up to or below 400 my SCE,
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in other words near the breskdown potential,

At temperatures higher than 25°C it is to be expected that the maxi-
mum corrosion potential will be lower than 500 aV SCE for stainless
steels and lower than 400 mV SCE for nickel alloys. Additional poten~
tiostatic testing at 400 mV SCE still proveked initiation of creyice
corrosion for INCOLOY 825 and HASTELLOY & at 2506. Testing at 70°C
revealed freedom of crevice corrosion for 254 SMO at 300 sV SCE and
for INCONEL 625 at 200 mV 5CE. However crevice corrosion initiated at
460 m¥ SCE for 254 SMD and at 300 mV SCE for INCONCL 625.

These results indicate that the maximum corrosion gotential stain-
less alloys cen reach at temperatures higher than 257C have to be de-
termined separately. Thus potentiostatic testing of stainless alloys
for seawater use needs to be carried out ai different potentials.

Although based on different principles the propagation in the po-
tentiostatic tests and the MCA tests can be compared in a qualitstive
manner.  *

* from the maximum penetration depth in the potentiocstatic tests it
appears that on increasing the molybdenum content the penetration
decresses. In the MCA tests this influence of molybdenum is not eviw
dent, Howsver, the mass loss and total charge of the potentiostatic
tests agree better with the extent of propagation for the MCA tests,
From this g beneficial effect of molybdenum on propagation of crevice
corrosion can be concluded.

The results of all tests point out that molybdenum has a beneficial
effect on initiation ss well as propagation of crevice corrosion.
INCONEL 625 wes the most resistant material to crevice corrosion ini-
tistion while of the stsinless steels 254 SMO performed best.

3.5. Limitatione of Results Bbta;ned.

The potentiostatic test with micro-creviced specimens is a sensi-
tive and rapid test methed which produces acceptably reproducable
results. It presents an -unambigious criterion for crevice corrosion
susceptibility namely the crevice corrosion temperature. Mareover
ugeful additional data can Pe obtained such as propagetion behaviour
and tendency towards repassivation. However, it must be enphasized
that the results of this test hold just for the specific test condi-
tions. Therefore application of the resulis must be carried out with
caution. .

The data from potentiostatic testing cen usefully be applied for
ranking purposes. When a material asppears to behave inadequately in
service it can be replaced by an alloy which gives a betier perfor-
mance in the potentiostatic test. '

in the potentiostatic tests scratching of the specimens improved
reproducability of initiation. This means of introducing micro-cre- .
vices may improve the reproducability of other crevice carrosien
tests. '

The results of the potentiostatic tests and the MCA tests showed
some disagreements. Thus highlighting the need to apply different test
methads to clarify the behaviour of materials., In this respect pola-
‘rization measurements in simulated crevice solutions turned ocut to
be useful. ' :
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The allays tested differ in molybdenum content as well as in the

_eontenl of other elements. However in this study the influence of
other elemenis has been ignored. '

fwo more general remarks about the applicability of the results
of crevice corrosion testing are: first within one specification
the corrosion resistance of material from different smanufacturers
mgy vary considerably; secend the way of producing or the product
form of an alloy mey notably influence its susceptibility to cre«
vice corrosion. Both limitations will be illustrated. :

. The first example concerns bar from different manufacturers (A and
B) with the same nominal composition as 1713 NCN. The susceptibility
for crevice corrosion has been determined by means of polarization
measurements in simulated crevice sslutions,

Table 6. Lowest Value of Hreakdown Putenti?1$ {mv SCL} in
Simulated Crevice Solublions at 2590

Material  ASTM ASTM ' . ASTM .
: " sea- - seawaterp . Seawater
water + 2.5 M Nafi + 4.5 M Nall
+ HUI, pHZ + HCL, pHi
A 370 60 : )
225 - 160} w225

From the lower breakdown potentials of material B (Table 6) it
appeared that B was more susceptible to localized attack than A. The
cause of this behaviour was the presence of a considerable amount of
chi phase (rounded and outlined) and manganese silphides {dark and
elongated) in the austenitic structure of B (Fig. 13). '

Fig. 13. o :
Microstructure of materials A en B, etchant aqua regiag
magnification 200 x
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The second example deals with an alloy which nominally contains:
chromium 23%, nickel 17%, molybdenum 3.2%, manganese 5.5% and balance
of iromn.

In the MCA test. sheet gf this alloy remained free from localized
attack in seawater at 257C during two years. In potentiostatic expo-
sure tests st 200 gV SCE in seawster at 25°C sheel provided with .
micro-crevices initisted minor pitting. However, bar suffered from
severe crevice attack snd miner pitting {Table 7).

Table 7. Resuigs of I'nt. - ostatic Expﬁéure Tests in Seawster
at 257C
Product Exposure HMuciuom Mass Total Type of
Form Time Penetration lLoss Charge Localized
Depih Attack

{h) {um) {mg} (cy -
Sheet 3 <s < 8.1 0.04 Pitting

3 <% < B.1 0.05 Pitting
Bar 1.3 . 45 0.8 2.69 Crevice attack

and pitting

1.5 40 0.9 2.95 (revice attack
: and pitting

from polarization measuremenis in simulated crevice sejutions it
appesred thet for bar the critical current densities were higher and
the breakdown potentisls were less noble than for sheet {(Table 8).

Table B. Lowest Value of Breakdown Potentigis {my SCE} in
Simulated Crevice Solutions at 257C

Product COASTM ASTM ASTH
Form . Seawater Seawater Seawater
+ 2.5 M Nall + 4.5 M Nall
+ HO1, pHZ + HCL, pH1
Sheet 890 Fai i 840

8ar 45 ' =16 ~140

These measurements confirm the susceptibility for crevice corrosion
of bar.

An explanation for the different behaviour might be found in the
microstructure. Sheet had & recrystallized austenitic structure and
per a work hardened one {Fig. 14). The mean hardness of sheet was
253 HY3qy and For har 350 HVig. Schwenk cenfirmed that work harde-
ning of stsinless alloys may increase the susceptibility for loce-
lized attack?®. Another explanation might be the difference in
chromium content. Bar contained 3.7% chromium less than sheet.
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Fig. 14.
Microstructure of sheet {A) and bar (B}; etchant aqua regia;
magnification 300 x :

These examples point out that materials have to be tested in the
same eondition as to be applied in practical use, including: chemical
compesition, produst form, heat treatment and microstructure. Hore-
over the examples indicate that statements - such ag: "If an alloy
contains at least so much of certain elements one need not bother
about the corrosion resistance” - must be rejected.

4. Conclusions.

I. Application of micro-crevices in potentiostatic expasure tests
efficiently provoked reproducable crevice corresion.

2. This test method delivers an unatbiguous criterion for crevice
eorrosion sugceptibility in seawater namely the crevice corrosion -
temperature. On this basis ranking of materisls can ba established.

3. Generally speaking, the results of the potentiostatic tests agreed
‘with the results of the polarization messurements in simylated
crevice solutions. The results of the MCA tests supported the re-
sulis of the potentiostatic tests to some extent. However in both
cases disagreements were chaerved,

4. The results of the potentiostatic tests hold Just for the specific
test conditions including the metallurgical state of the alloys.
in materials selection based on the results of these types of tests
one must be aware of this fact, .

5. Increasing the molybdenum content in stainless alloys increases
the crevice corresion temperature. Ip thig study 254 SMO and .
INCONEL 625 performed best, Up to &ﬁac_these alloys remained free
from crevice gsttack at 500 my SCE in seawater,

6. In this study CCT values have been determined in steps of 15%,
‘however for ranking purposes the test can be made more sensitive
by decreasing the temperature steps.
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COMPOSITION AND MORPOROLDGY OF CALCAREGS DEPOSITS
WITHIN STMULATED FATIGUE CRACKS IN SEA WATER

Willi® H, Hartt

Florida Atlantic lniversity
Department of Jcean Lngineering
Boca Raton, Florida 334371 USA

ABSTRACT

Under certain exposure conditions calcarecus deposits may form
within fatigue cracks and thereby contribute to crack closure and
to reduced crack growth rate or arresiment. On this basis
experiments have been performed where cathodically polarized, 118
steel specimens with s simulated crack have been cycled in sea
.water. Analysis of the boldiy expoesed and crack surfaces by SEM
and EDAX permitted examination and characterization of the
chemistry and morpholegy of calcareocus deposits. The predominant
cation in the film was calcium, and magnesium was detected only at
igsolated locations within the crack st the most negative potential
{~1.100 v., SCE). Morphology of the pccluded cell deposit was
observed to vsry with potential and position, whereas. this
morphelogy waes relatively invariant for the external surface.
Significance’ et" these results are discussed with regard to fatigue
and crack closure

SOMMAIRE

“Dans ecertaines ccndxticn& d'expositions, des dépbts calcaxres
_peuvent se former 3 1'1nteneur de fissures d'usure, contribuant &
chstruer les fissures et & en reduire le taux de croissance. A
p'artir de cette hypothise, des expériences furent effectufes sur
des spécimens pré-fissurés d'acier 1918 polarisés a la cathode,
agites permdiquement en eau de mer. I'asnalyse au 5EM el au EDAX
des surfaces fissurées, a permis d'exammsr et de characteriser la
chimie et 1la m:}rghclogle des depots caleaires. Le cation
predominant des dépSts fut du Calcium, tandis que l'on a découvert
du Magnesium seulement a des sites isolés dans la fissure, 1& ou
les potentiels étaient les plus negatlfs («1.100v., SCE). Il ful
oheervé que la morphologie des dapBts cellularies situfs &
l'mtermar variait selon les potentiels et selon leur positions
tandis que celle des c2llules de surface demeurait relativement
stable, La portee de ces resultats Fut discutfe en regard de la
"fatigye® et de 1'oblit@ration des fissures. .
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INTRODUCTION

Cathodic Protection and Calcarecus Deposits. Corrosien
control technelogy has evolved during the past several decades to
the point that the submerged portion of numerous, types of marine

"structures is typically instrumented with a cathodic protection

system (1). A unique facet of sea water as an elactrolyte iz
cccurrence upon cathodic surfaces of calcareous deposits, These
fillms have been projected to have a beneficial influence upon the
effoctiveness and efficiency of marine cathodic protection, since
they serve as a diffusion barrier te dissolived oxygen and therehy
enhance cathodic polarization (2~5)., €alcosreous deposits occur as

-8 conseguence of s cathodic current and the resultant increasse in

pH of electrolyte asdiacent to the metal surface in sccordance with

‘either or both of the reactions

1/2 03 + Hy0 + 2e~ 9 20B™  and : (1
2850 + 2e™ 9 Hy + 208~ (2)

and the faect that solubility limit for most inorganics decreases
with increadping pH (2-53, 6}. Depoait chemiatyy may ba complex and
variable depending upon the conditions of formation, but the
waterial is comprised primarily of CaCly and  Mg{(OH), (2,5,6).
Influencial variables have heen projected to include, but not
nacessarily be limited to, cathodic current dengity (2,7},
temperature (8}, pressure (9), water chemistry (10-12}, wvelocity
(7} and nature of the substrate (2,10). A rscent review has
discusged these factors in detatl (13), i

Fatigue. TFatigiue of steel in sea water has been judged to be a
failure mode that may be eritical to the integrity and reliability
of  numerous types of ocesn structures, including ships, cffshore

structures and riser systews (14~16}. This is 8 consequence of

wind;: wave, current, duty and earthguake loadings, in addition to
the possibility of dynamic amplification in the case of «deep water
structures. Because such structures are often cathodically
protected, it iz d{wportant that any influences of relatively
negative polarization upen fatigue be understond (17). In this
regard it has been observed that fatigue crack growth rate is
either unchanged or slightly reduced for modest amounts of cathodic
polarization (4 ~ «0.80v., SCE) but is enhanced progressively with
further decrease in potentisl (18-20). This has been attributed to
dissolution of atomic hydrogen into the metal in conjunction with
Egquation 2 and interaction of this species with dislocations at the
crack tip vieinity. :



8%

Fatigue and Calcaréous Deposits. Hudgins, et al (21) were
apparently the first te consider that calcareous deposits might
have a beneficial effect upon fatigue of steel in synthetic sea
water, although no directly applicable experimental data was
obtainad to substantiste this. Using compact tension specimens
fatigued in sea water, Scott (22) observed for load control tests
with pesitive R, that the maximum crack openimg per cycle remained.
relatively invariant with time, whereas the minimum value
progressively increased. He attributed this to calcareous deposit
formation within the crack and influence of this matter upon erack
clasure. The fact that lowering of fatigue crack growth vate
typically accompanied this was explained in terms of a reduced
effective stress intensity range. Simitarly, Royer {23} has
observed either a readuction or arrestment of crack propagation in
. compact tension specimens in sea water in responze to
potentiostatic control at am increasingly negative potentizl.

Hooper and Hartt (24,25) considered that calcareous deposits
which formed within cracks of notched 1018 specimens fatigued in
natural sea water were -responsible for “endurance ldimit
enhancement,” where for a range of cathodic potentials the fatigue
limit was approximately two times greater than in air. This
bohavior also was attributed to formation of calcareous deposits
within cracks and to a corresponding reduction in the sffective
gtress intensity range. Such a process is znalogous to that
associated with corresion product accumulation (26,27) and oxide
indoeced erack closure (28-30). It may be reasoned, based upon
the above information, that corresion fatigue cracking of
structural steel in .ses water or synthetic sea water under
conditions of cathedie polarization should not he a problem.
However, :guch reduction or elimination of farigue crack propagation
hasz not been observed universally, as pointed out above (18-20),
- Apparently, whether a particular fatigue crack propagates rapidly
or net at all is determined by the competing influences of hydrogen
and calcareous deposits. .

Crack Electralyte Chemistry. It is generally recognized that
chemistry of the electrolyte within local cells can become modified
relative to the bulk solution. This results becsuse both
convective and diffusional interchange between the two {bulk and
occluded cell electrolytes) iz restricted due to geometric
factors. Corrosion rate within crevices, pits, intergranular paths,
filiforms, tubercu-latidns, exfoliastions and eracks has been
rationalized in terms of localized pH modification (31). For the
case of exposure in 2 near-neutral chloride solution under freely
corroding or .ancodically polarized conditions pH of the occluded
cell electrolyte for most metals becomes acidic. Local pH has been
shown to increase progressively, however, with increasing éathodic
current density and at sufficiently high values to exceed that of
the bulk solution (32,33). The potential dependence of
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static stress crack growth rate has been interpreted in terms of
‘these local chemistry changes (34). : :

With regard to corrosion fatigue, it may be argued that the -
alternate opening and closing of the crack faces may resuslt in a
punping = action which ~ should preclude crack electrolyte
. modification. On the other hand, if one comsiders the static
tension case as simply one extreme of the frequency spectrum, then
it may be reasoned that modification should oceur for corrosion
fatigue alzo, provided frequency is not excessive. Whather or not
the eledtrolyte within'a corrosion’fatigue crack hecomes distinct
in comparison to the bulk is important, since development of
ddlcareous deposits and crack propagation rate ahould depend upon
solution chemistry in this region.

_ Several observations in the literature, in addition to those
reported eariier for the apecific case of cathodically polarized
steel in sea water, support the projection that electrolyte
chemistry modification.can oceur withis corrosion fatigue cracks.
For example, Barsom (35) measured pH of such electrolyte to be
about three for a 12Ni-5Co-3Mo steel cycled at (.1 Hz in a
nearw-neutral 3% NaCl - distilled water solution. Similarly, Meyn
{36} reported s pH of less than three for the cvack electrolyte of
Ti+BAl~1Mo-1V apecimena fatigued at both 0.5 and 30 Hz. 1In
addition .the observation (25) that under certain conditions of
fatigue of steel in sea water calcareocus deposits form more
profusely within the crack than on the bulk surface suggests that
pH within the crack:can become more alksline than for the bulk
electyrolyte sdjacent to the freely exposed surface.

-Masgs Transport within Environmental Fatigue Cracks. In sea
water pH is controelled by the carben dioxide system, as axpressed
by the reactions

€0y +'H20 “ HyCO3 o | 3
HpCO3 © H* + HCO4" (4)
HCO3™ « HY + CO3", - - | (5)

If OB~ ig added to the system as a conseguence, for exampls;', of
either Reactions {1) or {2), .then

OH- _+. HCO4~ ¢ H 0 4 €O~ : {6
is expected alaso. Thia, in turn, promotes calcareous deposit
femation, as represented by the reaction

Catt + COg™ “+ CaCO4(ppt). (7}
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6n this basis, 1t may be reasoned that thermodynamice of the
precipitation process are influenced by czoncentration ef (att, Mpt+
{not inciuded above), OH™ and inorganic carbon. One may envision a
complicated interfacing of the above resctions in the vicinity of
the metal surface with jonic concentrations being determined by OH“
production rate {cathodic current density} and mass transfer rate
for the above species. ' Solving this problem is difficult even for
relatively simple geometries such as a flat (37) or tubular members
{38). Added complications arise a= well when one considers
kinetics of tHe precipltation process. Further, in the case of a
fatigue crack, one must also contend with 1) an unksown current ang
potential ﬁistribution_as # function of distance into the crack, 2)
concentration gradients of c¢ritical apecies im both the crack
opening snd depth directions, 3) unknown, tisme dependent
hydrodynamica, &} surface roughness and 5) tortuous path.

Mass transport processes may include both diffusional and
convective mixing. While mixing within static atread environmental
eracks is  expected to occur by diffusion, convective mixing should
also be important for applications invelving cyclic stresses. For
the latter situation {environmental fatigue) it may he reasoned
that there ars two determinants in rationalizing the concentration
and diatribution of various species., The first pertains to
transport within the crack itself in responze to the cyelie
electrolyte ejection-ingestion process snd the second to the extent
of mixing (convective and diffusional) betwesen the erack and the
bulk sclution as the former exits and reenters the occluded eell J 2.
sach cycle. With regard to the former it may be veasoned that
both convective and diffusional mixing could be important if the
flow 4s laminar, since ion migration is expected  to he. the
predominant) transfer mechanism normal to flow lines {perpendicular
to the crack walls). However, movements by convection are expected
to dominate parallel to streamlines {along the length of the
crack). In situations where the ejection-ingestion flow is
turbulent, mass transfer by convective mixing is expected to
totally dominate that by diffusion in both directions {normal and
parallel to the crack faces). No studies have been undertaken teo
define these conditions for which crack electrolyte flow is
turbulent and where it is laminar. '

The purposze of the present paper is to present the results of
experiments which have addressed the structure and composition of
calcareous deposits which formed in sea water within a simulated
fatigue crack in a structural steel specimen cathodically polarized
in sea water. By do doing it was intended that the properties of
calcareous deposits within c¢racks and how deposits contribite teo
erack closure effects might be better understood.
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Figure 1: Geometry of simulated
fatigue crack specimen.
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EXPERIMENTAL PROCEDURE

The experiment plan was based upon a simulated fatigue crack
specimen, as illustrated in Figure 1. This was comprised of three
components with the simulated crack being formed by the mating
faces of Parts (1) and (2) via an elastomeric hinge (39). The
specimens were machined from 6.4 mm thick cold finished 1018 steel
plate. The simulated crack faces and the front specimen faces
25 .4 mm above and below the crack were surface ground. All
surfaces were acetone degreased and with the exception of the
ground faces the specimen was coated with aerosol Quelspray. Thus,
only the crack and a limited portion of the front surface were
bare. .

Cyclic opening and closing of the crack was realized by
connecting the specimen base to a rigid vise and the top to the
drive arm of a modified Fatigue Dynamics Model VSP-150 machine. A
calibrated vernier drive on the base, in conjunction with the
fatigue machine stroke adjustment, permitted crack opening and
closing values to be accurately adjusted. These were set at 0.2%
and 0.05 mm, respectively. Frequency of the cyclic process was 0.5
or },0 He.

¥igure 2 1lludtrates the specimen in perspective to the
electrolyte bath and related instrumentation. The bath was of an
all plexiglas constructicn with nylon fittings and was such that
electrolyte entered near the base and flowed upward past the
specimen st a nominal velocity of 1.6mmfsec. Natural sea water, as
is available at the Center for Marine Materials Laboratory, served
ag the electrolyte {(40). A sgaturated calomel electrode for
potential control was positioned in the overflow compartment, while
a Pt coated Nb counter electrode was mounted on the bath wall
immediately opposite the uncoated specimen face. Potentiostatic
control was affected using a Wenking Model 68 FRO.3 potentiostat.
Subseguent to testing, calcarecus deposits on the crack and boldly
exposed faces were examined by scanning electromn microscopy, and in
some cases the chemistry of these was characterized by EDAX
analysis. :

RESULTS AND DISCUSSION

) Figures 3 and 4 present multi-SEM micrographs of the simulated
crack surface of specimems polarized to ~0.900v. (SCE) for 168
houre. Near the center of each composite is a low magnification
micragraph te which the higher wagnification views avre referenced
and with the crack mouth.and tip identified. For comparison,
Figure 5 presents a micrograph of deposits which occurred on the
boldly exposed surface of the specimen in Figure 3.  Two points
are apparent from these microstructures: first, deposit morphology
within the erack typically differed from that on the external
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surface and, second, there exlsted a tranaitioen in morphology with
distance into the crack. Limited additional experiments at
~0.780, -1.000 and ~1.100v. (SCE) were consistent with this.
However, deposit morphologiles within the simulated cracks were
observed tc be variasble, even for constant  experimental
conditions, and could not necessarily be reproduced. Consequently
it was concluded that the micrographs in Figures 3 and 4 are
typical but not necessarily unigue to a specific experimental
condition.

EDAX analysis indicated that the predominant cation in the
deposites was caleium in all cases with little of no magnesium being
detected. This was true both within and external to the crack. In

‘the case of the -1.100v. specimen local, high magnesium regions
were encountered] and the morphology of thesze was aimllar to what
has been reported previously (41}.

" Figure 5: SEM mlecrograph frow boldly exposed speclmen
- surface, -0.900v. and 0.5 Hz. )

The problem of rationalizing caleareous deposit structure and
properties in terms of wariables of formation {poetential,
temperatuxe, velocity, etc.) iz a difficult one, even for a boldly
exposed surface. For the case af a fatigue crack the situation
becomes even more complex dus to unknown and difficult to

*
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characterize hydrodynamics and pogsible kinetie limitations imposed
by a slow rate of reactant replenishment st deposition sites. The
fact’ that deposit morphology within the simulated cracks differed
froem that on beldly exposed surfaces was prmbab%y due to these
latter two factors, as was the varishle deposit structure sleng
the crack length., The observation that a particular deposit
merphology was not necessarily reproduceable for experimants
performed under apparently identical conditiesns may reflect the

. fact that more than one varisble can be controiling.

Apparent also from the micrographs near the crack tip in
Fipures 3 and 4 {particularly Figure 4) is that flattening and
compaction of calcareous deposits has sceurred, presumably as the
deposita grew te. a thickness exceeding that winimum crack opening.
Mere indepth experiments are required, however, ‘to determine the
resiatance of such deposits to crack closing forces and how this
resistance wight depend upon deposit structure. .

CONCLUSIONS B
1. The morphology of calcareous deposits Fformed within the
© simulated fatigue crack of cathodically polarized, 1018 steel
specimens exposed to flowing natural sea water was different
thasn for deposits formed on the baldly expesed surfaces.
Alaso the deposit morpholegy changed with distance into the
erack. -

2. The morphology of deposits within similated cracks was pot
neceasarily the same for apparently identical specimene and
‘experimental conditions. This may be due te a competing
influence from suck factors as mass transport procesgses
(erack. hydrodynamics, in particular) and reactant
availabilivy, .

3. The cation comprising calcareous deposite was primarily cslcium
with little or no magnesium being detected. An exception
was -4 specimen polarized to -1.3i00v. {S5CE}, thre small,
local magnesium rich deposits were found within the
gimuiated crack. ' - :

4. - Areas of compacted calcareous deposits were observed near the

- erack tip, dindicating that within the 168 hour test period

the thickness of this material had grows to exceed the

mintmum craeck opening and that the calcareous deposits had
dAnterfered with crack closure.

.
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RELATTIONSHIPS OF DIFFERENT PHYSICOCHEMICAL PARAMETERS OF POLYMERIC
COATINGS APPLIED ON METAL SUBSTRATES OBTAINED BY AC aND DC MEASURE-
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%% INIFTA - Instituto de Investipaciones Fisicoguimicas
Tedricas v Aplicadas (UNLP-CONICET-CICH.
Casilla de Correc 16 - Shcursal 4 - 1900 La Plata - Ar-
gentina, C - '

ABSTRACT

The diffusivity, permeability and selubility coefficients of
water and oxygen by AC and D€ rechniques respectively were measured
for five différent varnishes appiied on steel plates, Important dif-
ferences were arised from the measures with DC due to the applied
external potential, which enhanced the electrolyte constituents per—
meation through the membrattes by ‘electroendosmosis process.

In AClmeasures a good agreement was found among corrosion poten
tial (£ .0, film capacitancé (C_) and electrolytic resistance {Rm)
ve immereion time relationships £br all the membranes tested.

From the results obtained for both techniques it was concluded
that the varnish mixture formulsted with chiorinated rubber grade 20
and a pure phenclic resin (1/1 ratio by weight) showed the greater
protective action. )

RESUME

Dans ce travail ont &té mesur8s les coefficients de diffusion,
permBabilité et solubilité de 1l'eau et de 1'oxygEne au moyen de tech
niques de courante alterne (AC) et directe (00, respectivement, pour
des plaques d'acier recouvertes par ciag vernis différents.

Des différences importantes on &té &tablies au moyen des mesur
res avec DC, dii au potentiel externe appliqué, qui accéldre les phé-
noménes de perméabilit€ de 1'&lectrolyte i travers les membranes par
alectroendosmose. : '

Dans les mesures avec AC on a obtenu une bonne corrélation enfre



il6

1'&volution du potentiel de corresion (B}, la capacité du "film"
{C } et la résistance &lectrolvtigue (R ?, en fonction du temps 4d'im-
me¥sion, pour toutes les membranes essaVies.

De la comparaison des résultats obtenus au moyven des techniques
indiquées on a établi que la membrane correspondante advernis obtenu
avec caoutchouc chloré degrd 20 et une ré&sine formoph@nolique pure
{dans le rapport 1/] en poids) présente le meilleur comportement pro
tecteur, _

INTRODUCTION

The tendency of a ceoated metal to corrode is a function of three
major factors: a) the nature of the substrate metal, b) the character
of the interfacial region between the coating and the substrate and ¢)
the nature of the coating. In principle these factors are dependent on
the water and oxygen diffusion through the coating, 0 the rate of re-
action may he decreased by reducing the permeability of the coating
for these constituents. On the basis of the present knowledge, it ap»
pears vniikely to eliminate completely the diffusion of water and oxy-
gen through the coating or through defecte in the coating that always
are present when the coating is prepared during normal application,

Electrical methods for studying the protective properties of coag
ings are numercus and many have produced important results. Two reviews
on this subject have been published recently (!,*) and selecred infor-
mation will be extracted from these reviews and other published sour—
‘ces. Electrical methods as laboratory accelerated tests that prove Lo
be ugeful in predicting the lifetime of a coating inclade DC measure-
ments of ngatzng conductivity (¥"%), of impedance as a function of fre
quency (%), of equivalent AC resistance at constant frequency ( y. The
AL properties of a coating have also been used to estimate the amount
of water taken up by a coating (77%), -

Corrosion potential measurements and their dgplicabiiity'to coat-
ed metals have been summarized by Wolstenholme (*°) concluding that
the movement of the corresion potential in the noble direction is indi-
cative of an increasing cathodic/anodic surface area vatio and indica-
tes that owygen and water are penetrating the coating and arriving at
the metal/coatlng interface.

The movement of the corrosion potential in the active direction in
dicates that the ancdic/cathodic surface avea ratio is increasing and
‘that the overall corrosion rate is becowing signiiicant. Increasingly
positive potentials with time suggest that alkaline conditions caused
by the oxygen reduction reaction are developing locally at the metal/
coating interface and that delamination is produced. Increasingly ac-
tive potentials are indicative of rusting in the case of steel substra
tes representing the signal that the coating lifetime is limited.

Due to coating pexrmeability {which is assumed to act as a semiper
meable membrane), when water solubility in the membrane increases (other
properties remaining the same), water should be absorbed ia increasing
amounts for each particular immevrsion time (') and should stop only
wiien the osmotic pressure gradient between internal and ewternal solu-
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tions becomes zero. :

Nevertheless, an equilibrium state could be reached if the me-
chanical pressure exerted on the internal solutiom and resulting from
the film resistance fo swelling and deformation, becomes egual to the
esmotic pressure. This condition is a function of the mechanical and
adhesive properties of the particular coating system under test (7
and could explain the influence of the coating nature at the overall
system behaviour,’ sznce different experiences carried out with sevew
ral salt solutions (z ) showed that the material responsible for
weight and volume increasing is ounly pure water absorbed by the coat
ing during immersion in salt solutions.

With respect to the influence of the substrate employed on the
protective properties of different coatings, a series of comparative
tests has been carried. out with films supported om an active or inert
substrate and with free films (®). In the latter case it has been
found that when films weve applied on iron and immersed in a corro-
sive solution, corrosion takes place at the areas of low film resis-
rance. At these areas the attached film had gimilar resistance to
that determined on the free films,

. On the other side, when the films were supported on inert subs-
trates {platinum or passivated iron }, thelr registance was several
orders of magnitude higher than that of free films.

These vesulfs can be explained in terms of the penetration of
ions into the film, a process wich takes place more easily if ions
are available from both sides.

In the case of films supported on an Lnert snbstrate, ionic pew
netration can occur only from.one side, then, only after the film has
taken up water, thereby lowering the film dielectric constant. This
uptake of water is retarded in the case of attached films, as contrast
ed to & free one, by the action of cohesion forces between polymeric
chains and adhesion forees to the substrate, which reduce the freedom
degrees an& oscilation. ampiitude of the polymeric chains { *y.

These observations provide support for Bacon et al ¢ Y, which
egtablish that prediction of coatings performance cap be made from
measurements of electrolytic resistance. '

The electrochemical process of corrosion depends not only on
the presence of water, since oxygen plays an important role; se, the
diffusion processes of these tweo constituents will be congidered.

The aim of this work is to determine the diffusivity, permeabi{i
ty and solubility of water and molecular oxygen through different po-
lymer coated/steel systems by AC and DC techniques. Auxiliary corro-
sion potentials, capacitance and electrolytic resistance measurements
in function of the immersion time were carried out,

EXPERTMENTAL

1.-AC meassurements

Naval steel plates SAE 1020 of 8:x 16 x 0.2 cm were employed as
metallic substrates. Surface was sandblasted to grade 5a 2.5-3 ac-
cording to SIS 05 59 00~1962 swedigh standard. Then, the plates were
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TABLE I

- CHARACTERISTICS OF THE COATINGS TESTED

- Composition ' Eisboration
?embréne type (/100 g) process
1 Chlorinated rubber R~20 . 51.8 Dissolution of re~
A thlorinated paraffin 42 % 22.2 sin and plastici~
’ tolyene 26.0 zer in toluene
Tung oil 53.3 Copalim&rization.of
B2 Pure phenolic resin. 26.6 tung oil and pheno-
' Toluene : 20.1 iic resin

- Phenclic varnish (80 % Dissolution of var-

 of solids) ' 63.8 _ ien, resin and plas-
¢’ Chlorinated rubber R-20 17,0 71100+ "FZA0 P
Chlorinated paraffin42% 7.2 C-orZer in toluene
Toluene 32,0 '
Phenolic varnish (80 %
. 3 of solids) 54.6 Dissolution of var-
b Chlorinated rubber RrZO 21.92 nish, resin and plas-
' {hlorinated paraffin 427 9.4 ticizer in toluene
Toluene : 14,1
Phenolic varnish (80 % :
3 : solids) _ 38.6 Dissolution of var-
E Chlorinated rubber R-20  30.% nish, resin and plas-
Thlorinated paraffin4Z2% 13.3 ticizer in toluene

Toluene - 17.3

! ¢hlorinated rubber varnish
2 Oleoresinous varnish
sztnres of oleoresznoua and chlﬂrznated rubber varnishes

. cleaned with toluene and, after solvent evaporation, ceated with 4if-
ferent varnishes, employing a Bird stainless steel appiicator. Varnish
¢s characteristics are given in Table ¥. Wet £ilm& of 75 pm thick were

abtained. After 72 hours drying at room temperature in a closed vessel

(t¢ avoid contaminatiom by atmospheric poliution), dry £ilm thicknes-

ses (15-25 um) were determined by means of an electromagnetic gage, ug



Pt

-

119

ing bare steel surface as refervence.

The electrochemical cells were built with a PVC (polyvinyl chlor
ide) open tube 10 cm length and 5 cm outside diameter, with one of..
the edges flattened; a borax~hydrochloric acid buffer solstion {pH 8.2}
was used as electrolyte. o

The varnished plates were fixed to the flattened edge of the
cells, using an epoxy resin as adhesive. The geometrical area of all
working electrodes was 18.5 cm®, ' :

As counterelectrode and reference electrode, respectively a speg
troscopic grade graphite cylinder of geometrical area ca. 20 cm? and
a saturared calomel electrode (SCE) were emploved. Impedance modulus
(]2]) and phase angle (¢) of the working electrode of the different
systems were measured at the corrosion potential and at room tempera-
ture, in the frequency range of 5 up to 5.1G° Hz with a vector impe-
dance meter Hewlett Packard 4800 A. :

The coating permeability was determined by measuring the paral-
lel capacitance (Cp) at a frequency value of 3.10% Hz with a rms po-
tential of G.027 V. o

Data storage treatment, diagrams plot, variables and parameters
calculation were carried out by means of an Olivetti P 6060 micropro-
cessor, using a series of programms developed im thig laboratory to
obtain the concermed parameters. h

5. DC measurements

A conventional electrochemical pyrex glass cell {ca. G.6 1) with
three electrodes was used. The working electrode was a rotating disk
type with a naval steel cylinder 0.8 cm outside diameter embeded ia a
PT¥FE- rod. The free surface (0.5 cm) was coated with the varnishes men
tioned in Table I. The counterelectrode was a platinum wire of . ca.
10 em? and the reference electrode was a $CE. (1%},

A borax-hydrochlioric acid buffer solution {pH B8.2) saturated with
different oxygen partial pressures (Cg}, from 21% up to 100X, was em
ployed as electrolyte.

A potentiostatic pseudo-stationary techmique with IR compensation
was used to obtain the diffusiocnal~convective current density (ié} at
different rotation rates with angular speeds (w) from 20 up to 126 s=t.

The permeability coefficient (Py} of molecular oxygen of the dif-
ferent systems was gragbiaal&y obtained plotting Csfid vs woi/t(Fig. 1),
By extrapolation to w'’/%—> the molecular vesistivity {(xuw) is obtain-
ed according to equations 1 and 2.

1i i, = ¥FP 1
w}?ZW;g n w Ca _ . L
Poo=1 / X _ (23

A transient couleombimetric technique with a step change of the
o¥ygen partial pressure was employed for the determination of the dif
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Fig, 1.~ Cg/id vs 1/mlf2 of coated naval steel {var- '

nish €, 45 um thickness) immersed in borax-hyvdroclor-

ric acid buffer soiution (pH 8.2) saturated with oxy-
gen, at 30°C
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Fig. 7.- Réiatibnship between charge Q (ucoul) and
time & {min) for oxygen concentration changes (sys-—
tem C) and angular disk rotation rate 126 s™3
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fusivity coefficient of molecular oxygen in the membranes {Dm} accord
ing to Barrer's equation 18y

. )

where &, is the thickness of the coating and © the lag time. The lag
time © was graphically determined from the relationship between the
charge (Q) and the time (t} (Fig. 23.

The value of P, can be assessed from the slope AQ/At and can be
compared with those figures calculated from the potenticstatic pseudg
stationary technique.

The solubility coefficients (S) were calculated by means of equa
tion 4:

P =89, (4)

RESULTS

AY Corrosion potential measurements

The stabilized corrosion potential values versus the immersion
time relationships are showed in Fig. 3 for the different systems.
day of immersion a E_ . . value of ~0.26 V/8CE, shifting to more posi-
tive steady values during some days. After that, E.,.. fluctuates in
& range of various tenths of milivelits for finally overcome the value
of -0.7 V/SCE. .

System B (vleoresinous varnish) exhibits a markedly different
behaviour. During the first ten days of immersion E.,,, takes posi-
tive values, however, they change to siightly negative ones at long-
er immersion times, with a tendency to stabilization at -0.05 V/SCE
after 50 days. : '

Systems €, D and £ (mixtures of oleoresinous varnish and chlor-
inated rubber resin systems) showed, in some cases, asignificative
changes of the E.,. . values,

Systems € and D (with oleocresinous varnish/chlerinated rubber
varnisk relations of 4/1 and 2.5/1 by weight respectively) show less
positive Ec r* values than system B. $lightly negat%ve E_ opp values
are observéd For system E, corresponding to a relation varnish/chlor
inated rubber 1/1 by weight. -

(After 15 days immersion systems C, D and E showed the game value
for the corrosion potential (~0.075 + 0.025 V/SCE}.

For long immersion times, system I maintaing the same value, inw
stead systems C and D shift sharply to more negative potentials.

B) Impedance measurements

‘The impedance behaviour of the five different coated systems in
the buffer solution were measured at the moment of immersion and then
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¥ig. 3.- Corrosion potential (E,upy) vs immersion time of
coated naval steel immersed in borax-hydroclorice acid buf-
fer {pH 8.2} at room temperature, for systems A (20 ym}, B
{24 ym), C {20 wm), D {16 ym} and E (15 um).

periodically during the following weeks until 83 days of test,

The impedance Nyquist diagram obtained during each vun for a parti
cular system in function of the immersion time is shown in Fig. 4.

Similar curves were obtained for the other systems, allowing rhe
caiculation of the capacitance and electrolytic resistance for each sys
tem at increasing immersion times. ALl curves showed a high frequency
semicircle which can be attributed to the varnish film properties asso-
ciated with capacitance values similar to those reported by other auth-
ors for different organic coatings (1°71%).

The different behaviour of the capacitance values vs immersion time
for the tegted systems (Fig. 5) are related to the interactions of the
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Fig. 4.- Inmpedance diagrams of naval steel coated with
-varnish B (15 ym thickness}, immersed in borax~hydro=-
cloric acid buffer {pH 8.2) at room temperature, for
12 days fmmersion (1), 19 days (2), 27 days (3), 32 days
(&), 48 days (5} and 8! days (6).

electrolytic medium on the organic varnishes acting as membranes.
Within the first 20 days, systems C and D present high values of
capacitance, but later a sharp decrease was observed up to reach a va
lue of ca. 0.5 nF em™ 2, similar to that of B and ¥ svstems, which re-
main constant during & certain time.
' The variation of the capacitance to high values for the A, D and
€ systems, are demomstrative of the progressive and marked deteriora-
tion of the coatings in function of the immersion time.

The relation of the ionic resistance (R,) with the ifmmersion time
in the five coatings tested is shown in Fig. 6.

The values were obtaxne& graphically from the semicircies with
a diameter equal to R, (R .cm 3.

All systems initially exhibit R, values of various M{. &n’, reach=
ing lower values of some orders of magnitude with the time increase.
The rate and magnitude of such differences depends on the coating com—
position, being minimum for system E and maximum for system D with, at
least, two orders of magnitude for R values at the end of the test.

Q) Diffasivity,.parmaability and solubility coefficients of water
with AC technique

The diffusion, permeability and solublllty coefficients of water
in the coatings were obtained from measures of the parallel capacitance
as a function of exposure time(®). The results obrained for system C
are shown graphically in Fig. 7.
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From linear regression of Carpenter equatlan(l7) the diifu510n,
permeability and solubility coefficients were caleulated (P %),

Values of the diffusion, permeability and solubility cecefficients
of water and oxygen obtained with AC and DC techniques, respectively,
are shown in Table II for different systems.

D) Diffusivity, permeability and solubildty coefficients of oxy-
gen with DC techniques

The permeabllzty coefficient of oxygen is in agrﬁement with the
values obtained by stationary and transient techniques. In general it
was cbserved an increment of the permeahility coefficients for varmsh
&8 with oleoresinous resin in relation to the chlorinated rubbexr var~
aisgh.

in the mixtures, differences among theix values cannot be appre-
ciated, except that exists an order of magnitude more elevated than
for chlorinated rubber and the same order less than the pure oleoresin
ous resin.

Cp/afom?

Fig. 5.= Capacitance (n Fem2) va immersion time of coat-
. &d naval steel immersed in borax-hvdrotloriec acid buffer
{pH 8.2) at room temperature, for systems A, B, ¢, D and E.
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Fig. 6.~ Electrolytic resistance

Rp (Qcm 2y yg immersion time of
ecoated naval steel immersed is bo-
rax-hydrocleric acid buffer {pH
8.2) for the different systems test-
™ ed,

. .\
3 i i1 &

10 ) 36

t /days ‘

_ The diffusivity coefficients of oxygen in the membranes decrease
when content of chlorinated rubber in the varnish increases. The per-
mesbility coefficient of system E is two orders of magnitude less than
the rest of the other systems. -

DISCUSSION

whe interfacial region consists of the steel substrate, a thin
oxide cgating on the métal, perhaps a water layer and finally the or-
ganic coating. The bond between the oyganic coating and the substrate
is difficult to interprete specially when water and oxygen permeates
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the coating and becomes available for adsorption or electrochemical re
actions in the interfacial region. -

According to the results obrained by other authors{s,lg,ZB), the
vailves showm in Table II for the different coefficients corresponding
to water and oxygen demonstrate the existence of a controlated diffus—
ional process by the water flow through the membrane.

In the present work noticesble differences among such coefficient
values obtained by means of AC and BU electrochemical techniques, res-
pectively, are attributed not only to particular interactions of each
reagent with the membrane but alsc to the fact that for parameters de-
termination cﬂrrespondigg to owygen, by measures of the diffusional-

T | Y T
2800 E
)
-
{1 -
R -
fa.
(X
2500 "
i i
24080€ é y 15 20

40 '
v t 10" /secs

Fig. 7.~ Parallel capacitance Cy (nFem™?) vs immer-
sion time (seconds) of coated paval steel (varnish C)
immersed in berax~hydrocloric acid buffer (pH 8.2) at
' room temperature

convective currents, a cathodic potential (~0.850 V/SCE) was applied,
while for the water permeation measurement, it was necessary to intro-
duce an electric perturbation of a few milivolts.

Then, from a simplie comparison of the resulits, arise as a first
cénclusion that an important factor to be taken into account in this
type of studies is the technique to be used since, as it is éemonstrgg
ed, it affects noticeably the barriey effect pzopar%ionated by the or-
ganic films and in consequence their protective capacity. This is due
te the presence of an electric potential gradient, whose value depends
on the externally applied potential which enhanced the -water flow
through the membrane by the mechanism of electroendosmosis(*®). The
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" high water dielectric constant permits water to act as coating plas-
ticizer and to diminish the cohesion forces among polymeric chains
and favours, sometimes, oxygen fiow(a‘ 22y, This probably oecurs owe
ing to the polymeric film swelling, with which the nécessary meagents
for cathodic reaction complementary of metallic dissclution reach
with greater vrapidity the metal / membrane interface, depolarizeing
the reactions that produce the corrosion phenomenon, in comparison
with what happens when the system changes naturally.

According to. the results of Table IT it is evident that the va-
lidity of the same obtained from DC measures, in the case of metallic
protection by organic films, it is limited to those coating systems
that use cathodic protection as complement.

Other factors to take into account in data interpretation are
temperature and immersion time, AL tests were realized at room tem—
perature (about 20°C) while DC measures were dcma at 30°C in thermog
tatized bath; it is generally accepted that ('™ an increase of this
variable affects the values of solubility, diffusivity and then per-
meability coefficients, increasing them as consequence of a greater
mobility in polymeric chains. With respect to immersion time, to av-
oid errorg that may be introduced by the accumulation of interfacial
water as suggested by Funke (22}, AC measurements for parameter deter-
wination corresponding te water flow were realized within tne first
four hours of immersion.

While those corresponding to oxygen {(DC technique) were done at
five days, since during the first immersion hours it is not observed
a net current passage owing to the lack of membrane dampening, provok
ing that the membrane acts as a dielectric.

The oleoresinous varnish Bdue to its greater polar character pos-
sesses a higher solubility with respect to water that in the chlorin-
ated rubber. varnish A case. The aggregate to oleoresinous varnish in
increasing proportions of chlovinated rubber varnish, is accomwpain-
ed by a reduction of water and owygen diffusion coefficient in approx
imately one order of magnitudé. This decreasing is attributed to a
hydrephilic character decreasing for the mixture system compared with
the corresponding to the oleoresinous varnish, that becomes woze ewid
ent ag diminishes the relative proportion of this binder, since for a
mixture I:1 {system E) the water diffusion coefficient value is about
the same that for pure chiorinated rubber {system A) which in practice
_cannot be employed as only binder because for large immersion tiwes
it is dererioratad in contact with an aqueous medium, thus loosing its
protective capacity.

It seems remarkable that the behavxour of system with varnish A
does not follow the above mentioned tendency with respect to oxygen
diffusion rate, comsidering that its high value is due to an electro-
endosmotic effect with later delamination, since, previous to obtain
experimental data it was necessary to apply the cathodic potential to
accelerate the membrane dampening rate, which demanded a long time in
natural conditions owing to the water low activity in the electrolyte
and the high impermeability of organic coating (order of 10-%3%cw*/s)
to short immersion times.
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In figures 4, 5 and 6 are summarized the experimentzl results
obtained from impedance measures for the five coatings employed.

Comparatively, it can be seen that a close relat:onshlp exists
anong the evelution of corveosion potential {Fcerr}’ membrane capaciw
tance (Cp) and eleéctrolytic resistance (Ry) in function of ismersion
time for all studied systems.

So, more positive E.n,, values (less metallic substrate activi-
ty} are correlated with the highest electrolytic resistance values
(less electrolytic permeation rate) and lewer capacitance values (less

celectrolyre enter tg £ilm and then less dielectric constant increase).
Ag the immersion time increases, the change in these electric parame-
ter values exhibit the behaviour modifications of the different coat~
ings, as a consequence nf their detericration by interactions with
the medium in which they are submerged.

it is important to remark that, independently of the time consi~
dered, the above mentioned correlationship among these parameters was
maintained for all systems up to conclude the test and provided the
electrical perturbation necessary to accomplish the measurements have
very low amplitude, such results are demonstrative of the natural eve’
lution suffered by these systems. According to the above mentioned
results, that take inte account different factors influencing the me-
tal/coating/medium interfaces behavicur, it may be stated that, from
the low values cobtained for system E, constituted by 50 per cent/W of
oleoresinous and 50 per cent/W of chlorinated rubber varnishes supporg
ed on a naval steel plate and submerged in a borax-hydrochloric acid
buffer solution, this system pogsesses the highest protective bduviour.

These results dre coincident with preliminary experiments realiz-
ed by Rascio et al{®? with the same varnishes enploved as binders of
anticorrosive formulations for marine use.
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ATMOSBHERIC MARINE CORROSIOY OF Fe and In
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SRSTRACT - The initial and propagation stages of the atmosphe
ric gorrosion of Fe, Zn and some of thelr alloys were analyzed
in maring snvironment. Natural and laboratory exposures g the
marine salt spray were performed io correlate the marpholeogy
and magnitude of the sttack with the cnmp031tlﬂn and metallur-
gigal characteristics of the metal.

RESUME - 0On analyse les ebapes d'initistion et propagetion de
la corrosion atmospherique du Fe, Zn et guelgues unes de leur
allisges dans du milliey marin . Des expusiti&mﬁ naturels et
dp laboratoire 3 Iz brouillard ssline marine ont 2té faltes
pour correlationer la marphalugie 2t magnitude de llattague a-
ves la composition et carsctéristigues métallurgiques du métal.

INTRODUCTION ~ In previous papers we had snalyzed the atmosphg
ric eorrosion of sieel?:2:3 hHaving observed that the natural =
palluteant of the marine envirgnment produces the highest cor-
rosion ratest.

It is well known that the stability-of 8 metal in a given
gnvironment is due b0 the protective properiies of the film al
ways pressgnt on its surface. The chamlcal-composition andstrua
ture of the film determines its behaviour as a barrier, cantrul
ling the cerrosion rate and type of attack.

Lecallized corrogion sppears as s conseguence of chemical he-
terogeneities at the. metal surface, like non-metallic inciu-
sions, second phase partlcles, impurities segregated at grain
boundaries, etc.”. Passive films formed on heterogensous alloys
are ngt uniform containing wesk points pecause the paS$1ueFilm
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gannot be formegd on the chemieally heterogenepus points of the

'_:surfaneﬁ.

In previous paper31'k we showed that not only the nuclea-
-tlun tut alsp the propagation of the atmpspheric corrosion og-
curs through logslized attacks. The knowledge of the detrimen-
tal gffect of those metzsl heiterogeneities could supggest some
uays to- improve the stability of Films fnrmed an technalﬁglcal
alloys.

this infommation is gpecially usefull in marzne gnvironment
where the role of the aggressive C1” ions hag extensively heen
disousged,

'EX?ERZMENTQL - Bu%dcmr exposures of commercial Fep and Zn base
6ys were performed in a marine site having a [ C1-]= D.4
g.ém"z'y“7 for periods up to 48 months. Hot rolled A 52 steel
(L 21, 51 0.30, Mn 1.20, P 0.0, 5 0.022, Or G.115, Ni 0.08
Me 0L0O15, V ﬂ.??h) Ralleﬁ n 99.965% {Fe 01.00362, Cd B G26, Du
g.0013, Pb Ni and Mn  0.08061); Cast Zn 99, 9967% (Fe 0. ﬂB?G
od G, QDGE P, Ni, Cu end Mn ﬂ GOg1). The meteﬂrnluglc inFar

matior of the test site is given in Table I.

TABLE I CLIMA?ZC CHARACTERISTICE OF THE DﬁTDBﬂR ?£ST BITE

MARINE
T. (95) Max. : - 27.6
Min, : _ 2.1
Av. ) : ' 14.8
RoH. (%) Max, | 96.3
Min. ' 58.0
Ave ' 77,0
Rain {mm} B887.7
{(hs.) : 6249.1
 Dew (hours) 2,78k
Sun {hours) _ 2,505 '
Radimtion (cal.om™Z) 137,416
‘Mean Environment 0.4 mgli™
Pullution : ame Ly
Rain water pH 6.5
" | Location Lat. . 37056t §
: _ Long. 1 s7e35t ug

Test samplies of 100 x 300 x 1 mm, were sand blasted {only
the steels), degreased with acetone, weighed te 0.1 mg and ex
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pogsed facing N, at 300 respect to the horizenisl. The corroe
sion products were eliminated in pickling solutions of SO0% HOL
with 1% urctropine, for steels and 200 gl=' Cr0, for n alloys.

Uross sectiona of a8 wire 99.999% Fe and sheetg of the rolled
and cast Zn alloys were used for short term .tests to compare
the resulte For pure metal and commercial alloys. Outdonr tests
up ta 5 days and expositions in salt spray box up to 10 hours
were performed on pollished o 0.25um samples. SEM and EDAX we
re applied to stutdy the nuclestion ‘of the sttack.

Cross sections of the test shests submited to long term na-
tural exposures were slso observed by SEM to determine the pro
files after aome years at the atmosphere. .

REBULYS - In the Fig. 1 the weight loss is shown as a function
af time for periods up to 48 months in the outdoor maring test-
ing site. ' ' :

AW(gdm3 -

i

b 2

S S S

+ el

Fig. 1 deight loss s a fuﬁctiun of time at the mesrine atmos-
pher@o ’ . ’
X stgel ® Jino alloy
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. The mathemsilic Expreaﬁlans Fitting 4she experimental resulits
Ghtalned, WeTE:

for A 52 steel: Al = kt ko= 3.23 0 Ro= 017 (1
for rolled Zn allay &y = k‘t Kt = 0,13 _ (23

4l

where 'k and n werg caiculated hy regression.

The carrosion prmduatﬂ grcan '‘an stesls in marine environ-
ment are formed by 1arge ‘amounts of of ~FelOH, g8 -FeOlH and
Fesl, with T ~FelOH 35 mznar product7sa 9, ulth the Pollowing
glabal régaction.’

2Fe + 1 /2 Oy + HZD‘-~MH 2rel0H
whare the Nall would act as a catalizer of the praceaﬁ through

a nycle implying the Farmation snd regengration of HOL W, In
somg points at the steel/rust int&rphaae the following reaction

takes place Fe + B FeODH ——> 3 Fe,0, + 4H,0

which is again oxydized by the atmospheric axygenigu FEQQH.
for Zn allﬂy$ the following resction was prupaaed

5 In + 2 ﬂ/Z B & SHZB +2E1 et Znﬁl &ZH(GH}2 + 2 oW
Analysis by X ‘Ray diffractien was intented &0 charactarzze

" them but the low chrystallinity of Fe corrosion products nrudu
ced unceriein results for the natural expnsures.

&)

B

\

Fzg.z X Ray ‘diffractioh ef Zn corrosion products ‘@) In the mea
ring site; b) In sali spray hox.
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On Zry, on the contrary, the principal pesks are well snough
defined to assure the presence of the mentioned corrosion Q-
duct., For the salt spray tests the chrystallinity of the cor-
rosion prnductﬁ is greater than the found in the natural envi—
ronment, as ig shown for ZIn in Fig. 2.

The nucleetion of the attack is shown in Fig. 3 for pure Fe
as compared to stesl and in Fig. 4 for pure and alloyed In:

Fig. 3: a) Pure iran, 7 minu- b)Y A 52 steel, 2 days at -the
tes in sali spray box marine slte.

Fig. &: a) Pure cast Zn in k) Zn rolled and cast alloys
sslt spray. : 1 day at the marine site.

In the next ?iguré-the structure of the gorrosion préﬁuats
formed on the In slloys afier exposures to the natural and
laboratory marine media can be compared.
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Fig.TS:-b).Zn allay.aftér 5;5 hs. at the salt spray bﬁx._ 

‘The sspect of the surfaces submited to incipient attack in

the marine or salt spray gnvironments are shown in the next
photagraphs.

it i b,

i % 7 bl ¥ 3% A Whodaiad
Fig.b: &) A 52 steel after 2 b) Cast Zn allﬁy after & 1/2
days in the marine site. hgs. in the sall spray.
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DISCUSSION .- The results exposed show great similarities inmthe
ptmaspheric corrosion of both mefals and thelir alloys. Special
ly the iniiistion, which wes clearly shown to oocour on discre-
te points of the metal as. blzsterzng of the surface. Those dig
crete poinis have pr&viausly been related to surface heteroge
negities for the case of steels. Those heterogeneities were se-
condary phese, as cementite, and non-metallic inclusions,which
in fact were generally found associated to the attack ﬁUElQﬁ“
tion. In the case of high purity Fe gnd Zn small deffects, not
detectable with the avallsble techniques, could act as nuclea-
tign centers. In this case the phenomenygm should be treated on
an stochastic basis. This is also veiid For the In base alloys
tested because the secondary phases are too small to he relat-
g to the nuclestion of piits using MEB with EDAX analysis as
can be geen in Fig., 8. The lasi possibility for a non-statistic
initigtion of ithe aitack could be the grain boundaries. This
wag tested using the cest Zn, whosse big greins provided very
clear CﬁﬂﬂluSiUﬁS, which were in a previoeus paper alsc infor-
med for steell. In the next photagraphs the aspect of samples
submited Ho th& maring pollutant do nnt show any preferential
attack at gwain boundaries,

Fig. 7: @) Cast Zn exposed in h) Steel ExpuaedIS dayg at
Y galt spray bux. the mering site.

Also the propepation of, the aitack prioduces very similer
structures toc thoses ghserved for 3teels“, evidencing +the exis
tence of preferentiasl peﬁetratiun sites a5 can be seen in the
next flgures.
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.b) Broundward phase

*Fig. B: Cross ssoction of the roiled in after 2'yeafs\expaai~
tion gt the atmesphers. \

The sscond micrograph shows a moreg intense localized attack
than the First one due to the 1mnger times of wetness of $his
phase than the skyward one..

Ampng  the differences gppreciasied in the carrusion of the
distinci alloys, the most remarguable is the lower aggressivie
ty of the marine enviromment on Zn than on Fe anes, (Fig. 1).
Tha greater protectivensss of the corrogion products Film for-
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med on Zr than on Fe in this medium could be atributed tolits

shemical composition. In the first one the pallutant ig captu
red in the protective Film while the non-protective FellH does
not inhihit the negative effect of the £1~, which accumulates
in the bottom of the pits in the steel. This had been verified
by eoMalt and reproduced in the fellowing photograph:

Fig. 9: EPMA of [1 in a cross section ofamsteel after natural
exppsition during 30 monthsh,

From Fig. 1 it is also evident the distinct law of change
with time of the corraosion rstes. According to egquetions (1)
and (2) it decresses as the tlme of exposition increases, for
steels, being time independent far Zn alloys. - _

The mnrghulmgies of the attacks nucleated on the alioys sul
faoes in the natursl marine environment are well reproduced in
the salt spray box tests. This is usefull for the analysis of
the infiuence of composition or meiallurgicsl changes in the
alloys. The results thus obtsined are easily reproducible be-
cause of the Pixed environmental variables in the box, amid are
not modified by the fluctuations In the glime of a test site.
fven when the concentration of the C1™ ion be different its
gualitative effect on the selectivity of the gress and morpho-
logy of the attack can be esteblished. For the corrosion pro-
ducts on -the contrary, the grest differences in morphology ob-
served indicaies thet the film growth is highly dependent of
‘the elimatic verisbles. They dgtermine, as much as the pollu-
tant, its protective properties. _ :

A good correlation was observed among the susceptibility %o
localized etiack of both metelliic slloys and the sites where
Ci~ accumulates. . _ o

The compsctness of the corrosion products Film, limiting the
migration of the aggressive species, determines the morphology
and kinetics of propagation of the atiack. For plain § gteels
in the marine environment the sccumulation of the pollutant af
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the bpttom of the pits, shown in Fig. 9, maintain them depnas-

sivated promoiing the penetration at the initial sites. The mg

re proteciive-filme grown on Zn base alloys do nob.completsly

inhibit the O1° migretion. It was also found at the bottom of "
pits but in mych lower smounts then in sisels.

- The time of wetngss has lower effect on the Zn slloy than
on the steel. Test samples of the last show & remargueble dif
ference between the side neasr the coast and the opposite ome.
The predominant winds promote an ssoslerated drying on the
seg  side, producing an almost double reduction in thickness
gt the oppusite side. '

The esspect of the corrosion products furmed in the merine
sztehnn the teated Fe and In alznys is shown in the nexi photg
- graphs.

8) A 52 steel after 2 years exposition
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b) Rolled Zn alloy 2.5 years expesition.

Fig. 10: MEB of tﬁéwcnrrcsian products of the alloys.

More packed structﬁres ort the steel do not proguce by
themseives more protective- TuSts than the grmwn oft the in gle
ioy. . .

After plcklzng the: samples evidenced the lnﬁalized, chrystg
Liographic aﬁtackﬁ [ the steel ,that can be seen in the nexi
Figure.

in the ZIn ailny the pickling solution doss not allow the
gnalogous observation beceuse 1% produces 8 oo muth hesvy at-
tack having a isgveler effect.
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Fig. 1% MER of the steel shown in Fig., 10, after pickling.
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DURABILITY OF CONCRETE MARINE STRUCTURES

HARCLD ROPER

ASSOCIATE PROFESSOR
SCHOOL OF CIVIL AND MINING ENGINEERING
THE UNIVERSITY OF SYDNEY, AUSTRALIA

ARSTRACT: The durability problems of reinforced and
prestressed concreie marine structures. are considered.
Begradation processes include chemical attack, physical
erosion, freeze~thaw damage and fatigue effects on the
concrete and corrosion and fatigue of the reinforcement.
Methods to overcome or minimise. thase phenomena are
discussed.

Les problemes de durabilité des structuxes marines de
béton armé et precontraznt sont jugés &tre des processus
de dégradation comme l'attagque chlmlque, 1'érésion
physique, le dommage de l'eau glacee, les effets de la
fatigue sur le béton et la corrosion et la fatigue de
‘lrarmature. Plusieurs méthodes sont congidérées pour
surmonter ou minimiser ces phénoménes.

1 INTRODUCTION

The propertles of concrete requzred in marine
structures are adeguate strength, long-term durability
and appropriate economy. As well the concrete must
provide physical .and chemical conditions under which
steel reinforcement either remains passive or corrcdes
sufficiently sliowly not to cause distress during the
design life period. These concrete properties are

-achieved by the selection of suitable materjals, the
choice of mix proportlons and the use of proper methp@s
of 9zacement and curing. ‘he three aspecig interact, .

- as mix proportions and placement methods erend on -
material selection.

*
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2 ‘GENERAL DURABILITY SURVEYS

_ Browne and Domone (1) have discussed a series of
. styuctures which include ships and barges, built between
719818 and 1944, harbours and jetties built from the 18%0's

. but ‘particularly in the 1920's and '30s and the Nab

“‘defence tower in the:Solent, a 55 year 0ld structure in

" sound condition, which is one of the earliest examples of

_an'pffshcrea$tructure,Pbuiit'onshore, floated to its

- fipal location and fixed to the sea-bed by its dead weight
. onlyfhgln_recentfyeaKS-this.method has been successfully’
used for lighthouses, loading berth -and oil rig congtruc-
" gion. o :
Bury and Domone {2} carried out surveys of pile
and beam types of structures up to 70 years old, and
Mulberry Harbour.Units used in the allied invasion of
Normandy . Thay concluded that in general the structures
had suffered only a limited degree of degradation which
took the form principally of corrosion of reinforcement
and spalling of the concrete cover. They suggest that
no degradation has occurred in permanently immersed
concrete, even in structures where severe corrosion
occurred' in the splash zone. '

. . ."* .
s . . - From actual- measurements on the siructures areas
of ‘corrosion and spalling-were found to be assocliated with:

{1} High positive e.m.f. Tup to 300 mV relative .
_to non-spalled areas compared to about 30mV
. in non~corroding structures {values relative
- to copper. sulphate half ‘cells)].
_Low.concrete resistivity (about 3,000~5,0C0
v ‘ohm om, o.f. 13,000 to 15,000 cohm cm for
: nonwspalled areas). S _

) Kigh chlqri&é content (about 1.%% by weight.
of cement). .

Low cover, below 10 mm compared with normal
y fdesign‘figﬁreS'Of at least 25 mm. - :

7' Mehta (3) discusses examples of concrete
exposed for considerable periods to -sea water in mild
climates.  "The influences of materiais types, richness
of mix and workmanship were all shown to be of conside-
rable ifmportance to the durability or corrosion of such

,rame s Seki (4) - discussed the results of field obsex~
vations of. the deterioration of plain concrete in Japan.
One of the most interesting findings is the lack of
durability of cold joints. The breakdown at such joints
wag generally severe, and could lead to significant
problems. : '
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Prestressed concrete, developed singce the Second
Worid War, has been successfully used for marine struc-
tures throughout the world, adain with excellent durability
One of the most recent large successful structures was the
Ekofisk o0il storage tank, a prestressed congrete structure,
which has shown this type of structure to be viable and
econonic for North Sea conditions? Current offshore.oil
production platforms for the North Sea have a design life
of thirty vears.’ oo

From such surveys it is concluded that the beha-
viour of concrete in seawater is significantly different
in three different zones namely: -

(i} the zone above high-tide level, where build

up of salts can occur in evaporative drying

' eycles and where an abundance of atmospheric
oxygen is available; ' S B

. : ¥ B
{ii} the inter-tidal zone, where the concrete is
kept saturated but is subject to cyclic
exposure to alr and is subject to abrasion
and attachment of some organisms; -

{ii) the totally submerged zone where oxygen
availability is limited, 'and as, depth
increases, more rapid penetration of sea
water into concrete is brought about b o

¢+, hydrostatic pressure :

In zones (i) and' (ii), world wide surveysd show:
that the greatest probléms of durability arise from the -
corrosion' of reinforcing steel rather *than from chemicél
or physical disintegration of the concrete (Iy 5). “Digw
integration of concrete per se, if it does dccur, is much
influenced by the ambient temperatures. As for Joné™{iii)
there is little evidence of degradation in permanently
immersed concrete. However there always exists the possi-
bility that in this zone embedded steel.may be losing ...
metal to form either low oxygen compounds which are less -
liable to disrupt the concrete, or mobile products which
appear elsewhere. P - o Lk

3 CHEMICAL ATTACK ON CONCRETE. BY SEA WATER .

. When chemical- attack does occur in-"sea water the
influence of high water cement ratios and high permeabi-
lity often due to low contents of cementiceous phases is
cften noted. The prec¢ise reactions and. phases ' formed may
be disputed, but generally it is agreed that magnesium-
sulphate and -carbon diexide play important xroeles:~.o v -

) Sea water contains significant'ﬁmdﬁﬁgé_Sfﬁﬁ§§¥;
l@sium sulphate. Biczok {6) quotes a figure of 2800 mg/i
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2 .
as the average concentration of S0y ions in Atlantic
ocean water, a figure which according to the U.5. Bureau
of Reclamation, puts such water into the 'severe' range
as far as sulphate attack is concexned (7). Two mechan-
isms of sulphate attack can occur with this level of
sulphate concentration., In the splash zone the salt con-
centrations can be higher than in the surrounding sea.
water., .The use of sulphate resisting cement, low in C;h,
does not necessarily therefore produce structures free .
of disintegration. The increased protection to steel
observed when high C3iA“contents are used should also be
noted. It is difficult to generalise on the resistance
of different cements to sea water attack. The resistance
is related to the,mineralogical composition., The diffe-
rences are. due to. the presence, of sulphates other than
CasC, and to the presence of, foreign ions in the basic
compounds {8). 7Two forms of C;8 exist (o, g) with the a-
form containing alkali in solid solution and two forms of
CiA (cubic -and orthorhombic} again with the orthorhombic
«containing alkali. The cubic form has been found to have
greater resistance to attack by magnesium sulphates.
Cement fineness can also affect resistance. In cecarsely
ground cement, encased.C3A:in grains can react with sea
water to produce ettrlnglte at a stage when the cement
paste has already hardened., Local stress and cracking
then results., ot :

Mehta (3) has dlscussed the reactlons ‘which he
believes coccur gue to. the action of magnesium salts on
cemsntzceous mxnerals. Also 1mportant are the .reactions
related. £¢. the-presence of €0z in sea water. JIn both
cases . the products lead -to strength losses of their paste.
Alkallwaggregate reactlon may also be enhanced in sea
water "(9}. : .

' ~Blast furnace slag cements have been feund
generally to 'improve the resistance of «concrete to sea
mater attack. o achieve this improvement, & consxder—
ble proportion of slag is required. -In France cements
vontaining more than 653% slag are admitted by the
Permanent Commission on Hydraulic Binders and Admixtures
{COPLA} as marine cements. Alternatively pozzolans may
be ‘used to improve resistance, but not all pozzolans are
equally. effectxve._

It should be stressed that if sound 1mpermeab1e
‘concrete with .adequate dement content. is properly mixed
and placed durable structures .over design lifetimes can
be produced.: VA water-cement ratio of less than 0.45 and
pxeﬁerably'less than .40 and a cement content of
390 kg m~* are recommended by Gerwick (10} to prevent
attack from sea water. . .

u
o
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4 PHYSICAL EROSION OF CONCRETE

Sea waves present problems of a physical nature
in that their continual action gives rise to attrition of
concrete which may lead to cavitation and erosion.

Erosion may be due to solid particles carried by
water. Pits develop from implosion of cavities in fast
flowing water. Size, shape, guantity and hardness of
carried particles will influence the rate of erosion as
will the velocity of flow. Concrete with large aggregate
erodes less than a mortar of similar strength, whilst hard
aqgregate increases the abrasion resistance.

Cavztles formed by pressure changes cause pitting
whHen they collapse on entering areas of higher pressure.
The rapid-ehtry of water into these spaces produces great
pressures which is most significant in eddies. The sux-
face of the concrete as a result will be irregular and
plitted in contrast with the smeothly worn surface eroded
by waterw~borne solids. fThe rate of damage 1ncreases after
-an 1n1tzai period where damage is sliight.

The ACI Committee 210 recommends under cavitation
conditions that the mix should be designed such that
fc > 40 MPa and a good bond cobtained to aveid plucking-
out of large aggregate, The gquality of the concrete at
or near the surface provides the evosion resistance -
initially it depends on the quality of the matrix, but
should this be eroded away, the nature of coarse aggre-
gate assumes importance. The coarse aggregate should be
limited to 20 mm in size. :

5 s FREEZE“THAW AND AIR ENTRAINMENT

N

Air entrainment offers not only advantages in
terms of durablllty under freeze-thaw conditions but
furthermore improves the workability of the mix, and
placement of concrete. This indirectly improves the
durability as well, since better .compaction lessens the
possibility of differential cells resulting from segrega-
tion and bleedlng,'and slows the formation of a laitance
layer.

From: the vxewp01nt of marine structures the
most 1mportant change in properties brought about by air
entrajnment is that the permeability of concrete to
agueocus liquids is reduced. The permeablllty {K) affects
the rate at which salts and oxygen in the environment
peneitrate into the concrete, and also the-rate at which
materials are leached from the cementiceous phase, In
the actual structure cdompaction of the concrete is.a most
important factor and may result in a difference’ of %0
times between site and iaboratory comgacted conc;ete.



150

& FATIGUE EFFECTS ON CONCRETE PER SE

it is now generally accepted that concrete under
repeated loadings does not have an endurance-limit up to
16 million c¢ycles. Furthermore to date the greatest
number of cycles that have been applied to concryete in
research is about 20 million.

Hsu {11} points out that reseaych projects on
fatigue of concrete have been confined to a narrow range
of- cycles, thus Zlmztzng the use of rules dnﬁ equations.
Stiudies in the range of low cycles fatigue in seismic
research cannot bg extrapclated to the high cycle range,
as there is no contznumty between them. Based on tests
-in the high cycle, region it has been suggested by some
investigators (12 to 15), that the fatigue strength is
independent. of the rate of loading. Othexrs {16, 17) who
have made tests in the low cycle ryegion have found loading
.rate to have a strong influence on strength. Awad and
Hilsdorf (16} furthermore found that the fatigue strength
in the low-~cycle region was strongly time dependent.

With respect to offshore concretes Waagaard (18)
gquotes Dutch work which shows that submerged concrete has
a . shorter fatigue iife than air dried Goncrete, the longer
the storage time in water, the shorter is the fatigue life
(effect of saturation), and that the frequency affects the
fatigue life, the lower the freqguency, the shorter the
"fatigue life. . Such information leads to further compli-
cations in design. considerations. The relationship between
fatigue strength of concrete $ and the number of cycles
of repeated loading, N, are given in many design codes.
Fig. 1 after Hallam (19} is a sample S-N curve for con-
crete gzven in a document intended to provide members of
the CIRIA underwater engineering group with guidance on
the dynamzc design of fixed structures subject to wave and
- current actlon._ Tt is stated that "Fatigue problems have
rarely been encountared with concrete structures., 5-N
curves show a long fatlgue iife fqr ‘concrete even when
subjéctéd td’ large stress ranges, Tt is likely, for the
stress levels worked to in structural concrete design,
that,.the fatigue. life of most marine concrete structures
will exceed their design life. However, it is recommended
that afatigue, check bhe performed for ail dynamlcally
- Loaded structares. : :

7-1{ Q” CORROSION OF.REXNFORCEMENT IN. REINFORCED CONCRETE

_ fructiie propeziy designed and constructed
for%;he approprzate condltzons of use, there should be no
problem of steel’ cozroszon ‘in concrete within the design

“lifel Unfortunately, these’ highly desirable conditions

are not always achieved,
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7.1 Corrosion Mechanisms in Marine Structures

. Browne and Geoghegan (20} summarise the initiation
and controlling factors of splash zone corrosion as the
following: .

(1) - Chlioride levels exceeding 0.4% by weight of
the cement. : : - oo

{2} Permeability and ¢oncrete cover to the“réinforcee
ment {e.g 50 mm cover, high permeability )
{w/c 0.7): corrosion activation in 6 months).

{3) Moisture content of the concrete affecting. both
the resistivity and oxygen permeability, and

. hence the time to spall, (e.g. 25 mm cover, high . '

- permeability, partially dryzspalling in 24 ‘years).

' Gjorv {21) states that observations indicate that
detrimental amounts of chloride ions are capable of pene-
trating into high quality concrete beyond what would be

a practical limit for the thickness of a concrete cover.
Hence - for concrete structures in ocean environments it is
necessary to look for preventative measures in addition -
to good concrete cover. . He suggests that therefore in :
addition to-taking preventative measures during design
and construction, techniques should also be applied in
order to periodically monitor the presence or absence of
steel corrosion before it becomes too late. .

Frobably the most comprehensive series of papers
on the topic of steel corrosion in concrete, is available
in a recent publication of the American Concrete Institute
to which the reader is referred (22).

8 FATIGUE AND CORROSION FATIGUE OF REINFORCED
CONCRETE. -

_ During the last few years there has been an inten-
gifidation of interest in the fatigue behaviour of steel
reinforcement in concrete structures. Although fatigue
has not proved to be a problem to date;, loading. cycles
and corrosive conditions are becoming increagingly severe
so that the margin of reserve strength ig progressively
being reduced, {23). Fatigue endurance of reinforcement:
can be influenced by type of steeli, geometry and size of
bars, nature of the loading cycle, welding and presence’
of corresive liguids. A recerit review paper, .chiefly” =
related to highway bridges has been presented by Tilly {(24}.

Data available on the life of ‘offshore structural
concrete has been presented by Browne and Domone {28y -
They state that in composite reinforced or prestressed - -

concrete sections, the levels of stress in th¢ steel ave’

a greater percentage of the ultimate stress than for =~

.
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concrete and it is therefore generally sufficient to conw-
sider the fatigue properties of the steel as controlliing
the fatigue performance of the structural element. Gerwick
and Venuti {26) suggest that as opposed to bridges,
typical concrete 'sea structures are more inflilenced by
loww~cycle high amplitude fatigue than by high cumuliative
ugsage. . They state that when concrete is cracked and then
is cycled repeatedly into the “"crack re~opening” tensile
range, the steel is subjected to significantly increased
stress ranges. As a 'result bond i progressively lost
particularly along smooth bars, strand and wire. Adequate
fatigue capacity of ‘the steel must therefore be assured

in design for such conditions. o :

. ,With regard to crack propagation in steel, two
models, which have been proposed to account for the
enhanced crack growth ratés of carbon steel in sea water
“compared .to tair, .are illustrated schematically in Fig.2.
The anodic’dissolution model {Fig. 2a) is based essenti-
ally on. the .thesis that the increment of crack extension
on .each gtress.cycle is enhanced, without.change of mechaw
nism, in.a corrosive environment like sea water due to
dissolution of the yieiding metal at the crack tip. On
the other hand, the hydrogen embrittlement model (¥ig.2b)
involves -postulating that hydrogen, produced by the.
cathodic.reduction reaction at or near the crack tip and
possibly favoured.by low pH in the crack, promotes
increased crack growth rates either by reducing the
cohesive energy at the crack tip and embrittling it =
possibly by causing decohesion at carbides’ o#:ofher
in¢iusions. - SRR

T
T s T

At the University of Sydney an extensive test
program is underway to assess the influente of bar
- properties on corrosion fatigue in sea water at 6.7 Hz,
The beam dimensions are given in Fig. 3, the test setup
in Fig.4, and some results in Figs. 5, 6 and 7. Coated
bars have been extensively tested, and it appears that
whéreas nickel coating has little effect on the fatigue
properties, galvanizing plays’an important role in
increasing the fatigue endurance of such bar. The
interested reader is referred to a series of papers by
Roper et al {27, 28)., 1In the course of this work it was
found that expoxy coated bars may perform less than satise
factorily when $ubjgg§édfto_fatigue loadings in the
prese?bg of sea water. . o o
il <. fThe effects of slower cycle rates which would be
.encountered by a marine structure, together with the
effects of concrete erack blocking by continued hydration
“or even reaction progucts remain as yet of interest. It
appears that in ceftain cases crack blocking may reduce
£he stress rangé in ‘the steel to suc¢h low levels as to -
¥ .r.i_- Voo ..._\‘_
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dispel any fears of crack propagation. However in other
situations such blocking may not be effective due to the
geometry of the structural member. ¥For a discussion of
the crack blocking effects the reader is referred to
papers by Arthur et al {29, 30}.

g _ CORROSIGNIOF'PRESTRESSING STEELS IN MARINE
STRUCTURES

Discussing the durability of prestressed ocean
structures Gerwick (31). suggests that the disruption of
concrete may take several forms, and inciudes amongst
these corrosion of prestressing tendons and tendon
anchorages. He states that despite all real and poten-
tially adverse factors,_prestressed congrete is inherently
extremely durable in the sea water environment and has
given ocutstanding performance in sea structures ranging
from the tropical environment to the Arctic., Durabzlxty
and freedom from maintenance are prime reascns for speci-
fying prestressed concrete for ocean structures.

In both ordinary reinforcement and prestressed
tendons, a thin layer of general corrosion product is
acceptable. Thée development of very local cells, leading
to plttlng, hence reduction of area is particularly
worrying in prestressed tendons. The development of plts
may be due to bad storage conditions of tendons prior to
installation as described by Fountain et al {32}, or to
the corrosive conditions active in service as described.
by Phillips (33} for wires from the Geehi aqueduct., In
both cases ithe mechanism can be described as in FPig.8.
i+t should be noted that at the pit, the site of corrosion,
the area is depleted in oxygen and the process is aubow
catalytic in nature. From the first reference it is, .
apparent that although corrosion inhibitors may be useful
in certain cases, the particular one chosen leads in part
to the problem, and the authors suggest that strongly.
hydrophilic inhibitors, particularly sulphonates, should .
not be used for protection of tendons prior to installaw
tion. In both the first and second cases the influence
of the structure of the steel is shown to be important.

In the first paper it is noted that in the case of the ,
Wylfa pits, growth is to a limiting pit depth, after which
continued growth is in a direction parallel to the axis of
the wire. In the second it is stated that "slight

" corrosion-pitting, to a maximum depth of 9.05 mm was
cbserved, as were cracks which originated at the inneyr
surface of the core winding where rust deposits were
apparent. - The cracks were at right anglies to the wire
surface™. . . .

Pitting is the expected corrosion phencomencn for
pre-stressing tendons if chlorides do gain access 0 the




154

steel in marine structures. In this regard it is worth-
while to'consider‘ﬁjov's {21) statements on prestressing:

"Great efforts have been made in deve}opxng protec-
tive methods for’ arrest%ng steel corrosion in
concrete. However, a recent“survey ‘of'literature
indicates that at the time being, there is no
nethod genexrally applicable and economlcal}y
reasonable. A number of research laboratories are
still engaged on the problem. The efforts are
mainly concentrated.on cathodic protection, . either
in the form of metallic coatings- (zinc and cadmium)
or in the form of impressed polarization f£rom an
extermnal generator.. S

Although a somewhat depresszng ocutlook is taken,
Gjov does not snggest the cessation of use of the material
(for marine structures but exhorts the concrete technolo~
gist to 'seek ways to’'economically further protect and
extend’ the Azfe of such structures.

At Sydney Unzversxty, work is bezng pursued to
assess the protectzon capabilities of zinc sheetxng cast
in mortar, as an encapsulatlng, expezdabze anode in a

mayrine env1ronment., ‘This system is being monitored with
" respect to potentxals. current flow and by visual assessw
ment of corrosion phenomena. This procedure may. lead to
‘a technigue of arresting corrosion in reinforced concrete
_stxuctures after’it has commenced.

19 . FATZGUK AND CORROSION FATZGUE 0? pazsrgmssza
CONCRETE i

- This. topxe is well covered in reports of the
American Concrete Institute Committee 215 {34} and of the
F.I.P. Commission on Concrete Séa Structures (35).

[+ H [ - . . e .
ii FUIFPURE DEVELOPMENTS IN CORROSBION. CONTROL

‘ Probably the three most important- unfolding

‘Bevelopments in corrosion control are the use ‘of very low
permeable’ coneretes using superplasticisers, the use of
nitrites as inhibitors and the cathodic protectlon tech-
nlques, all of which may eventualily be used to improve
durapility of an already successful comp051te material.
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MATERTALS SELECTION FOR MARINE INSTRUMENTS
AND ALLEVIATION COF CDRROSKON PROBLEMS

Chen Jian
Institute of Ocean Technology, NBO
Tianiin, China

ABSTRACT _

A brief discussion is presented in the paper on materi»
als selections,which is of prime importance to the relia-
ble operation of marine instruments. In an attempt to choo-
se corrosion resistant materials,sea immersion tests were
conducted in the waters off Qingdao and Xiamen for periods
ranging from three months to three years. Results of the-
se tests are presented. Comparisons were performed between
LY12 aluminum alloy and 1Cri8Ni9Ti stainless steel and re-
sults show that the former is more resistant to seawater
attack. Comparisons between 3J53 constant elastic materi-
als and niobium-base constant elastic ally show that 3J53
is susceptible to corrosion while niobium-base alloy expe-
rienced little weight loss after exposure to seawater for
a period of 3 years. Methods for alleviating corrosion pro-
blems through cathodic protection and application of coa-
ting compounds are also described in this paper and exam-
ples are provided. -

[ _ RESUME - _ _

Nous' présentons ici une discussion bréve concernant la

selection des matériaux,gui est d"une grande importance

_relative & l opération slre de selection des instruments

marines. Dans ce but de selectionner des matériaux rési-
stants & la corrosion nous avons effectué des tests d7lm-
mersion dans 1"eau de mer de Qingdac et de Xiamen de 3

. mois & 3 ans. Nous présentons les résultats de ces tests.

Les comparaisons sont falts entre l17alliage de 1 aluminum
LY12 et l7acier inoxydable 1Cri8Ni9TL et les résultats ont
montré que le premier est plus résistant contre 1l attaque

de leau de mer. Les comparaisons gui ont &té réalisées en-
tre les mat@riaux &lastiques constant 3J53 et les alliages
élastique “"constant" & base de niobium montrent gue 3553
est susceptible 3 la corrosion alors gue l7alliage 3 base

de niobium montre une legére perte de poids aprés exposi-

tion & 1”eau de mer et cela pendant 3 ans. Dans cette canw
munication nous décrivons &galement des méthodes pour al-

léger les problémes de la corrosion pendant la protection

cathodigque et pour appliquer des zevétements et nous don-

nons des exemples correspondants.



1166

INTRODUCTION

Marine instrumenis are subject to corrosion when ex-
posed to seawater, Great attention should be paid to the
selection of materisls for the housings and attachuents
of instruments for marine application, and many factors
should be considered, including corrosion resistance, a-
vailability, cost and phv31031 and mechanical properties.
Belection crlteria vary with needs. Materials for ship~
noard instrumentg should be. of low specific graV1ty be -
cause of handling prublems and those with compass need
non—magnetic housings ‘and some require conshant elest;c
materials..

For the purpose of corrosion al}eviation, protective
coats are common}y_used and to instruments designed for
long-term -operation in the ses, sacrificisl anodes are
often attached so es fo restrict both local and uniform
- attacks, _ : ‘ B '

Pull imnersion panel tests and in-situ tests on in-
struments suSpended from test units were carrzed out in
an attempt to select corrosion resistant materials.

SELECTION OF MATERIALS FOR PRESSURE
HOUSINGS OF MARINE. INSTRUMENTS

The most common oceanographic measurements incluﬁe
-ftémperature, salinity, depth, current direction and speed,
wave, DO and: pﬂ,_with which the periods of instruments'
_ xpOSure to marine environmants vary, ranging from days
to weeks or years and tha sites for instrument daployment
change, some on the surf&ce in the coastal waters and
_Some in the deep waters:hundreds or thousands of meters
deep below surface In order to be compatihle te the hogw
tile environments, instruments should be ma&e_of materials
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resistant to corrosion and to iigh pressure and therefore
the materials selected should nrovide the combination of
gond corrosion resistance performance and high strength.
Non-metals can meeb the corrosion requirement but they
have poor strength and fabricability, thus resulting in
undersired dimensions of the housing. In some cases, in-
struments for siallow water application can be made of
plastic maierials with g}eat strength, but so far no sajtw
able non-metal materials for the construction of instru-
ments for deep water application have been developed. As
-a result, mebal materials becom: the first choice. '

The commonly-used metal materials are api to electrie
cal-chemicél corrosion. Thus corrosion resistance is. the
first consideration in selecting materials for marine ser-
vice, In addition, many other factors, gsuch &8s cost, spe-
¢ifiec grevity, magnetism and the-specific requirements of
varicus instruments should be taken into account., These
factors make aluminum alloy, carbon steel and stainless
steel the most accepiable ones. ‘Aluminum alloy has moder—
ate or high strength and 18 non-magnetic and its corrosion
resistance to seawater can be greatly. enchanced by anodic
oxldation. These performances make aluminum alloy the most
popular materials, The advantages of carbon steel over al-
wminum alloy is low cost and good weldability, put it is
of higher gspecific gravity and susceptible to formation
of ruat fiim., It is rarely used for shipboard instrumeuts.
Stainless steel is suitable for some kind of devices such '
as water sampler, which 18 designed to operate in the sea
intermittently for several hours dach time and can e o

ringed with ireshwater after racovery from the water, -

' Carbon steel is Susceptible to uniform atiack. If an
annusl corrosion rate of less than O. 13mm and an annual
pitting depth of 1 02 o are considered in addition to
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corrogsion allowance when instruments are designed, no _
perfcration will occur and relisble operation can be mainu
tained during the designed life time.

‘Aluminum alloy and stainless steel are ap% to suffer
local attack such as pitting corrosion and crevice corro
sion. Those corrosions are more harmful than uniform at-
tack, Some local pits or holes will lead to the leakage
of the housing and cause complete failure. Therefore in-

,situ tests are necessary for the selected materials and
. even the processed and - machined housings to gain informa~

1Q'tion on. their corrosion resistance.

- Aluminum - alloys are categoried into Alwﬁg series, Al
Cu series and’ Al-Zn .series, etc, Al Al-Mg series, having
good resistance to sehwater corrosion but peor ‘strength,
are not suitable for- construction of housings for opera-
tion in the deep ocean where great pressure exists. Be-
csuse of the addaition of 3% -5% Cu, the tensile strength
of Al-Cu series aluminunm alloey has been significantly in-
creased but corrosion resistance decreased., LY12 is one
of the moat commonly used alloys. Al-Zn series aluminum
alloy is superior to Al-Cu in terms of atrength and corrom
sion resistivity, but has not found vide application bo -
cause ‘it is limited in gizes and forms.

: 1Cr18N19T1 is one of the stainless steels widely used.
For comparative purpose vetween LY12 aluminum alloy and
1Cr18N19TL stainless steel, full immersion tests were
conducted by Xiamen Laboratory, China Ships Company, in
Xiamen Harbor ‘between June 10, 1982 and November 4, 1982,
when surface temperature - there renged from 12,0°C to
29.1% and salinity from 17.3%s to 29 T%s. Results are
given in Table 1.

Panels of the two materials stated above wore tested
under the same conditions, by suapending from the same
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test unit and immersing in the same areaz, Results of the
two panels were not identical, demonstrating that Al-Cu
alioy is superior to I1Cri8Ni9TPi in terms of corrosion re-
sistance, These two materials are comercially available
in a variety of forms and siges and thus have found wide
acceptance, However, tests indicate that ILY12 is more
preferrable because of its low specific gravity and low
cost, .
Some stainless sieels have been developed to provide
good combination of corrosion resistance and strength,
For example, ultra low carbon stainless steel OOCT20Ni25-
MoSN was exposed for a period of three years in the waters
off Zhanjing and very slight corrosion-waé-ob&ervéd on
the panels, This alloy has overﬁll desired performances
but is limited in sizes and forms, and also very expen-
sive. - '

Table 1. Corrosion Cowpafison of Panels
Immersed in Xiamen Harbor

Panel | Conpositions [Thick-| Exposure] Corrosion|Maximum

¥No. ) ness {day) rate pitting

Y12 |- Cu 3.8-4,9%)
Mg 1.2-1,.8%, | 2 mm 174 O.74mm 0.4 mm
¥Mn 0.3-0.9%, : per \
balancew-Al, year

1Cri8-] Cr 17.0-19% |

Ni9Ti | Ki 8-10.5% 2 mm 174 _ perfora-
Ti 0.80% : tion
Mo 2%

balance~-¥Fe

SELECTION OF MATERIALS
FOR MARINE SENSORS

In materials selection for marine sensors, the first
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consideration is the oceanographic psrameters to be de-
termined. For example, the "flow tube in the sensor of 4
conductive salinometer for salinity dotermtnathn should
exhidpit minimum linear expansion goefficient SO as to en-
sure least variation in the physical dimensions of the
fiow tube when temperature fiuctuates. Strlct selection
of corrosion resistant materials is of great 81gn§fzcaaca
to thé dimensional stability of . the flow tube. Among non-
metal materials, glass exhlbltS expansion coefficiant of
5.5%10° /QC, which is an order less than that of plexi-
glass and has betier dimensional stabizity. This, resulted
in the selection of gzass for the construction of the flow
| tube. o

Materlals for depth sensor ghould display good elagw
tiolty, and constant elastic metals are most acceéptable,
Furthermore, they should be resistant 1o seawster corro-
aion which will result in reduction of elasticity. Full
. immersed panel tests were performed by ‘Gingdao Laboratory
of Institute of Iron and Steel, Ministry of ¥Metallurgical
_Endustry. Salinity ‘there was about 31%, and average temp-
_erature was 15° c, with temperature from January to- June
baing 7. 8% and frOm July to December 21.5° ¢, DO ranged
from 5,67 ml/1 to 8.0 ml/l and pH from 8.3 to 8.6,

The commonly-used constant elastic m&teriai is 3I5%,
and it was tested in' the waters off angﬂao and results
are given in Table 2, which demonstrates that 3J53 dis-
played high rates of attack. Cracking had develocped before
exposure time reached 118 days. Becsuse precisxon will be
greatly reduced when depth ‘sensor is slightly correded
and complete fajlure will ocour when cracking develops,
3453 is not suitable for ‘bonstruction of instruments de-
signed for leng term operatiou in the ‘marine environment,

Hiobiummbase materiais were exposed to se&water for
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three years in the waters off dingdao and very little
weight loss was observed. Results are illustrated in

Table 3.
Table 2. Fully Immersed Panel Tests Near
—— Qingdao e et s e -
Alloy | Composition Thickness|Jan.14,1980 Feb. 26,1980
' Ni 41.5-43%
3J53 | Cr 5.1~5.g§ 0.375 mn complete
. i 2.2-2.85] 0.575 mm| cracking ]
Al 0.4-0.9% observed brg%king and
Ralasce—_re partial sepert

* Exposure time: September 18, 1979.

Table 3. Corrosion Experiments of Niobfum-base

Materials Near Qingdao

weight(g) L Pagel number
Weight before immersmn 28.588¢ 28.500¢ 27.670g
&gril 1, 1978 : _
Weight after 12 months
Aprii 2, 1979 28,5667g 28.5376g| 27.673%g
Weight after 27 months
Feb.26, 1980 _ 28.5621g 28.5%40¢g 27.6701g
Weight after three years
full immersion : :
April 1981 28.5610g 28.5336g 27.6700g

* Exposure time: April 1, 1978

The niobium-base materials tested contain Nb 54.5%,
T1 40% and Al 5.5% and is of thickness of 0,33 mm. Bx-
posure tests began April 1, 1978 in the waters off Qing-
dao. In April 2, 1979 and Pebruary 26, 1980, the tested
panels were recovered from the test sites for visual
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ingspections and photography. After being cleaned, dried
and weighed, thay were re-immersed. Results of repeated
inspections were similar and show that extensive marine
growbhg were developed on the surface of the panels.
After removal of the foulants, brightness was restored
‘and no local attack was found. Results of weighings of
‘the cleaned and:dried panel s demonstrated no weight loss,

The above experiﬁents show that niobium-base materials
have good to excellent resistance to seawater local attack
and aniform attack even under full immersion conditions. _
This can be stiributed to the fact that the alioy -containg
high percentage of niobium and titanium which are highly
resistant to corrosion, A very stable oxide film can be
developed on the surface of the titanium meterials and
this film will provide protection, thus the resistance
-porformance of the alloy can be increased.

Gomparison of  the two constent elastic mater;als 8~
veals that niobium—base alloy is superior to 3J53 and
thergfore cangbe.preferrably used for marine instruments,

[

'PROTEGTIVE MEASURES AGAINST connoéxow'

Tao addition to the housings of the instrument, emphe -
sis should also be given to minor components of the instru-
ment such as frames, shafts, screvs and muts. It is & com-
mon practice that when gelecting materials for these at-
tachments, the first consiﬁeration is strength. This tends
to cause contact corrosion between different metals, For
example, vhen carbon stesl wire or chain is used to connect
instrument whose housing 1S not made of carbon steel to
buoy or 4rilling platform, contact corrosicon will inevi-
tably occur because of the difference of the housing and
the wire. Prom January to November 1980, a current meter
with 8 Housing of copper:alloy was attached to a mooring
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system with carbon steel structure in the south China sea
and no insulating barrier was provided to the junction
between the curr®nt meter and the mooring chain., After
exposure of six months, the chain was seriously damaged
and ev@ntualzy'got broken, resulting in the loss of the
current meter as a result of contact corrosion. A tempe~
rature-salinity sensor with a housing of aluminum alloy
was also connected to the mooring systeﬁ'and no insula-
ting measures were taken. The aluminum alloy, whose po-
tential was more negative than that of carbon stesl, he-
came the anocde while the chain became cathodic, resulting
in the formation of corresion cell and thus an accelera-
tion of corrosion. Finally the aluminum alloy housing (Mg
9,04, Mn 0.56% and Al ) with thickness of 8 mm was per-.
forated in ten monﬁhs exposure in seawater.

 In order to minimize contact corrosion between dif-
ferent metals, insulating materials such as nylen or Tub~
ber should be introduced, If instrument is supposed to
be attached to buoys, nylon rings or sleeves should be
used between the instrument and the chain. Nylon or rub-
‘ber sléeves shbuld also be used for-écrews; nuts or shafts
made of different materials for the purpose of corrosion
restriction,

Sacrifzcial anode is effective for providing cathodic -
protection of instrument designed to operate in marine en-
vironment. Materials for sacrificial anode are commonly
nade of alloys containing Al (0.3-0.6%), €4 (0.05-0,15%)
and Zn, or containing Zn {2.5%), In (0,02%), C4 (or San)
(0.01%) and Al. These anodes feature in good current ef-
ficiency {over G0%), high solubility and excellent smel-
ting behavior,

Furthermore, instruments for marine application should
be painted with protective coats, The following are ex~
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amples showing the status of instruments after long-term
cxposure to oeaw¢xer.

Model SCL 2-1 Well-less Tide Gauge is an deyice with
a housing of carbon steel., Protection was provided by ap-
plying three-layer of epoxy tar primer, four-layer of
chlorinated rubber intermediate film, three-layer of toxic
Cu, 0 topcoat and a sacrificial anocde with thickness of %0
mm and weight of 1.2 kg to the houaing. It was deploged
for one year from 1980 to 1981 in the tidal zones neayr
Xiamen and Shanwei. Little narine growth developed and no
evident attack occurred on the housing. ?he_tcpcoat e~
mained nearly undamaged.

From June 17, 1983 to October 11, 1983, a magnetic
racording current meter with a housing of LY12 aluminum
alloy and a frame of OOCTr20Ni25MoSN non-magnetic stain-
less steel was tested under full ijmmersion conditions,
Protective coatings and sacrificial anode were also applied.
Inspection showed that the instrument suffered no severe
attack. 8nd remained watertight Only four isolated ‘bar-
nacles were observed,

Prom September 26, 1982 to January 16, 1983, an zcous—
tic release with LY12 alumlnum alloy housing was tested
under complete immersion conditions in the waters off
Qingdao.lﬂb visible corrosion and marine fouling occurred.
No attack developed between the carbon steel shaft.and
the housing. The instrument displayed good watertight
performance under 25 atmospheric pressure. In the period
from June 16, 1983 to October 11, 1983 this instrament
was tested again in the waters off (ingdao by suspending .
- from a test unit under full immersion conditions. Result
was identical to that obtained in 1982, The acoustic re-

lease experienced two full immersion tests for a total
' pericd of 229 days, 1ittle corrosion and marine growths
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vere observed, demonsirating that the protecfiﬁe measure
wag very effective,

SUMMARY

Corrosion of marine instrumenis can be effectively
econtrolled if strict selection of materials are observed
‘and necessary protective measures are taken. However,
negligence will lead to complete failure,

Heferences

Dexier. 3,0., Handbook of Ocesnographic Engineering
' Materials, 1979. .
Fink, F.W. and Boyd, W.K., The Corrosion of Metals
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APPLICATION OF ELECTROCEEMICAL TECHRNIQUHES TO THE PREDICTION O?

EXVIRONMENTAL EFFECTS ON THE CORROSION BEHAVICUR OF A Ni-Ti ALLOY

ANN J EDWARDS
ADMIRALTY RESEARCH ESTABLISHMENT

HOLTON HEATH, POOLE, DORSET UK

SUMMARY
Potentiostatic techniques have been used to study the effects of
changes  in pH and chloride conceatration to seasalt solutions on
the corrosfon behaviour and, in particular, pitting corrosion
resistance of a 52Ni, 4571, 3Fe alloy. The alloy, known to be
susceptible to crevice corrosion in seawater, was also found to be
susceptible to pitting corrosion in actdified concentrated seasalt
golutions iand subject bo rapid ‘sniform corrosion in hydrochloric

. scid solutions.

RESUME

Des technigues potentiostatigues ont &t& utilisdes pour
&tudier les effets. de changements dans le pH et la con-
centration de chlorure dans des sclutions de sel marxin
gsur le comportement de 1 alliage 52 Wi, 45 Ti et 3 Fe

en présence de corresion, et en particulier sur sa rési-
stance 4 la pigfire par corrosion, Cet alliage, c¢onnu
pouy sa prédisposition § la corrosion fissurante dans 17
eau de mer, s est &galement aveéré sensible 4 la corro-
sion en pigfire dang des solutions acidifides de sel ma-
rin concentré et sujet & une corrosion uniforme rapide
dans des solutions d acide chlorhydrigue. :



178

The relationship -between these values and the pleting corrosion .

behaviour of the alloy in 2 given environment is shown in the sche-~

matic polarigation cutves in Figure 2.
a. The alloy is unlikely to pit if Ecory 15 significantly

active in relatfon to Eps Ep is more noble than E.,., and the

current density of the reverse scan falls raplidiy from I,

ie pits will not propagate at the. rest potential,

b, " Pitting will occur if 2. and Ecory are close or equal, -
Ep 18 wore active than Ecorr and the current density. of the
reverse scan at F.,py Temaing at I, fe pits once fnitiated
could propagate at the rest potential, LI

c. Pltting may oceur if Ennpr, Ep and £, are all close ‘and

-any small change in conditions which would alter these values
. -could initiate pitting. Under these conditions the scan rate

must be gufficiently slow to allow repassivation to occur.

In order to obtain the valaes required to assess the alloys ten-
dency te pitting and to study its general corrosion behaviour, ano~
dic polarisation curves for the alloy in the solutions shown in
Table 2 were plotted. Hydrochloric acid and sodfum hydroxide were
‘used to adjust the pH to 2 and 12 respectively. The natural
seavater having a chloride concentration of 0.55 M was .obtained
from Portland Harbour and seasalt used to produce solutions of

higher €17 concentration was made by evaporating seawater from the -

same source. A Wenking potentiostat and gtepping motor control -
with Bryans XY recorder were used to plot the polarisation curves,
The cell comprised a platinum auxiliary electrode and silver/silver
chloride reference electrodé. The test ¢lectrodes were in the form
of bar immersed in the solution to & measured depth. This. tech-
nique was adopted because it was considered that the reduction in
accuracy of surface area measursment was preferable to the presence
of crevices in a mounted eléctrode. . The potential was gcanned in
the region —500 nV to +520 mV at 2 stepping rate of 30 m¥/min and
the minimum cirfent’measured on the log 1 seale was 0.1 pafcn?,

RESULTS AND DISCUSSION

Table 2 summarises the characteristics of E.qrr, Ep, Ep and a com-
parison of Ig and X at Eqgey on the reverse scan. ' From these
results it can be seen that in geawater (0.55 M chloride) at pH 2
pitting is unlikely, but 1s Iikely. to cecour at 1.09 M chloride at
pH 2" and higher concentrations as illustrated in Figures 3 and 4,
The ancdic polarisation curve for the alloy in 1.09 M €1 seasalt
solation at pH 2 where Ep equals Eiypp, Ep is sore active than
Eeorrs and the current density of the reverse scan at Eoory 18
equal to I, is shown in Figure 4,
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. INTROBUCTION

The purpose of this investigatfon was to predict the behaviour of
the alloy under conditions likely to arise in specific service
applications. In this particular instance there was a likelihood
that condensation from.a marine atwmosphere could occur on the
material which might subsequently evaporate leaving a deposit of
concentrated brine on the surface. Yef another environmental
possibility was that acidic or alkaline deposits could form on the
surface as a result of contamipation from other equipment. The
Ni~Ti alloy {32N£/45Ti/3Fe) hes an austenitic structure and like
gtainiess steels is dependent on an adherent 3urface oxide film for
ite corrosion resistance.

The alloy was previously found to be susceptible to crevice corro-
.sion in sesawater. Figure ! shows & sample of the alloy after expo-
sure in an INCO crevice jig( } in Langston Harbour for ¢ montha.
The open cireuit potentials of the alloy with reference to an
Ag/AgCl reference electrode inm static solutions of seawater and
seasalt solutions are shown in Table 1.

 EXPERIMENTAL

As the alloy was known to be susceptible to crevice corresion a
ptudy of its pitting corrowion behaviour was undertaken. The tech-
‘nique adopted was one which has been Broposed by Sedriks in the
study of pitting of stainless steels :

The parameters of interest are the breakdown poteatisl E.ope,
pitting! potential %, and repsssivation potential E,, determined
from an anodic polarisation cuxve with a Teverse gCan from & prede- .
\termined potential.

The definitioa of these potentials as shcwn in ?igure 2 are as
follows:

‘a.  Breakdown poténtial Eporr — breakdown of passive film.
bs Pittiuﬁ potential Ey - initiation of pita.

[ Repassivdt!onhpoténtisl E, - potential at which no
current flows after reversal of scan.

Assessment of the tendeéncy for pitting of the alloy in a glven
environment is based on:

The separation of E.qpy and E,; the value of E; in relation to
Eeopy and the current density Iy at which the potential acan
is reversed.
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In all the other seawater solutions tested, ie pH 8,5-9.5 and pH 12
the alloy showed no propensity to pitting at'its rest poteatial.
These observatfons were confirmed by 'visusl examination of the test
electrode after completion of the test.  Tests in hydrochloric acid
solutions indicated-that the alloy was susceptible to pitting
corrosion at its rest poentizl-fn 5.5.M hydrochloric acid as indt-
cated in Figare 5 but not in 'the lower concentrations .tested, .
Howevery on visual examination of the slectrode after testing in
3.5 M hydrochloric acid there was no evidence of pitting .corrvosfon,
only rapid general corrosion had occurred masking any localised
attack, Il . } - . t

. . . o F
Predictions from electrochemical results are consistent with
resulte obtained with drops of various electrolytes on the alloys'
surface, . : ‘ : B

CONCLUSIONS -

The use of this technique has shown that using simple and relati-
vely quick electrochemical measurements, predictions of the pitting
corroaien behaviour of any alloy tn a given environment can be made
from polarisation curves. Thus, with the aid of a few simple con—
firmatory exposure tests, the method can be used to survey the'
behaviour in a .wide range of eavironments. ' )
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- TABLE 1

OFEN CIRCUIT POTENTIALS FOR THE ALLOY IN

SEAWATER AND SEASALT SOLUTIONS

181

o CHLORIDE T OPEN CIRCUILT
SOLUTION CONCENTRATION | pH ﬁgp POTENTIAL

(Moles) oV vs Ag/AgCl
Seawater : . 0.55 4 8.2} 20 T+ 44
Seawater + Seasalt 1.09 M 9,01 20 + 1
Seawater + Seasalt 3.13 ¥ 9.2} 20 Co+ 10
Seawater + Seasalt | 3.3 M 2 | 20 +140
Seawater + Seasalt 3.3 M 2 30 + 20
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Figure 1 Crevice Corrosion After -9 Months Exposure
in an INCO Crevice Jig
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INFLUENCE DE QUELOUES ELEMENTS D'ALLIAGE SUR LA RESISTANCE
A LA CORROSION MARINE D'ACIERS FAIBLEMENT ALLIES

M4 CHARBONNIER® .- CONFENTE®* . JUSSICY . LEMOINES#® _ PAGNIE Di-ess
*IRS1D 5t Germain en lLeye - *SNAP Pompey
REECNEXD Brest o w-CITAG Paris

Ltinfluence du r.-:ﬁmm&, de 1*eluminium, du moiybdbne et dy nickel sur la résistence
b la corrosion merine d'aciors faiblement mllide a 656 étudide,

Des couléss industrielles dtecier doux et dieciers faihilmmf allids ont 4té dla.
bovrées avec des teneurs en

Cr : entre 1,5 et 4% - Al : entre 0,7 et I%
Mo s 8,5 et 1% « Cu ; 0,4% - Ni : 0,22

Des essais en esu de mer vivante ont été effectuds dens les stations de IYIRSID &
BIARRITI ot du COB B BRESYT.

L'addition d*élémentas tels que le chrome et lleluminium diminue la mssse discier
corrodée {(perte de poids), make proveque le développement de corresion localisée,
il est montrd que le melileur compromis de rdsistance b la corrosion géndralisde
et localisde est ebtenu avec un scier de type 2% €r - 15 Al, Le molybdbne limite
is tendance aux corrosions localisded per plagues en géndralisant le corrosion sur
toute la syrface de l'dprouvette, i'sddition de nickel est favorsble pour la tenue
dans les zones de marnsge. Lew 6léments d*alliage interviennent essentiellement en
mydifiant - les carectéristigues d'étenchéits des rouilles  vis-b-vis . de
fenvironnement , : :

T R —,

The influence of chromium, aluminum, molybdenum and nickel on the sarine corrosion
resigtance of low slloysd steels wes investigated,

Industrial heats of carbuon steel and low alloyed steels were menufactured with
contants in @

{r : between 1.5 and 4% - Al : betwesn 0.2 and 1%
Mo 1 6.5 and 1% - Du 2 0.4% o« N & G.2%

Corrosion experiments were conducted in the test sites of BIARRITZ and BREST.

The addition of slementu, such chromium and aluminum, reduces the mess of corroded
steel {weight loss}, bui promotes the deyelvpment of loteliased corrosicn. It ds’
shown that the best compromise:between general and local corresion resistence is
obtained with the 2% Er - 1% Al steel. Reducing the tendancy te Jocelised tor-
rosion, malybdenum favours the development of general corrosion, The esddition of
nickel increases the corresion resistaence in tidal zones. The alloying elements
aeti esserz:—iaily by modifying the sealing properties of rust with regard fo
environment,

e e P b il
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1 - INTROBUCTION

Le développement d'aciers 2 tenue & la corrosion -améliorée en
environnement - marin présente un intér8t certain pour de
nombreuses - applications - telles- gue 1tindusirie pétrolidre
offshore,  I'exploitation des océans (agquaculture et ressources
minérales}, et d'une fagon générale, toutes les instalilations de
complexes, mdustrmls en bord de mer.

L'acier- est en ef‘f‘et un matérizu économique et intéressant du
point de wvue de ses taractéristiques mécanigues, Il est toutefois
sensible & la corrosion en milieu marin mais certaines techniques
telles que la protection cathodique ou la protection par peinture
permettent d'dviter ou de limiter cette corrosion. On peut aussi
chercher & sméliorer la rdsistance & la corrosion de 1'acier en
lui ajoutant des éléments d'allmge en Faible quantzte, pour des.
raisons économiques.. : :

Les données. publides montrent que certains éléments tels que le
chrome, 1'aluminium, - le nickel, le cyivre, etc ... sont
susceptibles dfaméliorer la tenue % la corresion des aciers.
Lependant, " leurs .effets ne sont pas additifs et dépendent des
sites d'emplei. Par ailleurs, l'acier peut présenter des formes
de corrosion différentes, généralisée ou localisée par plaques,
te probléme est alors d'éviter les corrosions locales, les plus
pernicieuses, tout -en minimisant l'attague généralisée ; ceci
aver des ajouts dféléments draddition en quantité compatible avec
un développement industriel rentable du point de vue deonomique,

Cette recherche a fait 1'ohjet d'un programme d'essais et de
développement dont les prmzera résultats sont présentés’ ici.

‘2 - MATERIAUX ETUDIES

zZ-1- Composition chimigue

Aé\tétal ‘neuf coulées différentes ont été étudides. Le 'tabfeau 1
mdlque en % pondéral ia composition chzmlque des différentes
fuances. S

.. il convient de distinguer :

- - les sept premifres nuances a teneurs varisbles en chrome st
aluminium {53 3 59) et dont une contient 1 % de melybdens, Ces
'caulées, d'environ } tonne chacune, ont &té° 8labordes par la So-
eigts CREUSOT»LOIRE - Aprés lamirage 2 chaud et préldvement
d'échantlilans, les éprouvettes ont subi. un  trailemeat  de
normalisation dans les conditions suiventes : chauffage en bain
de sel de 30 on & 950°C et refroidissement lent 3 l'air, de fagon
4 avoir des Structures aussi wvoisines que possible pour les
dlfferents aciers ; ' '
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Repkre | - Muance sbrégée ’ 2 R ? N | g m e M

55 Acter doux da référencs q,iaz d;zeq 4,173 q,aﬁs' 0,000 jo,035 | 0,36 10,05 | 0,020 [5,007
LT L e . -| ©.0% { 0,320 6,290 {0,006 (0,00 |o,030 2,08 |v,020 'u;uzﬁ~ 8,016
33 | 26r-0,341 8,116 | 0,380 |6,299 (0,005 |6,009 [o.078 | 2,15 | 0,020 | 0,07 P
LT B .ﬂ_ 2181 1 6,115 | 8,38 |0,300 2,005 (0,000 15,050 | 2,18 ie,007 io,000 jo,920
5T L tpake 4,098 { 8,350.10,200 {o,008 lo,cez jm,0z8 b2,30 P1,060 o0 jo,02
. L . _
58 xr | 8,00 8,340 J0,395 |0,007 jo,012 |0,032 ] 3,31 0,828 0,085 [o.026
S sor-1Ar 0,135 | 6,400 j0,550 |o,007 fe.mz | - fes0 lo,02 0,005 lo.ean
Tl el 500,50 0,016 | 0,850 Io,30 fo,005 15,007 (0,010 |1.39  |o.e80 8,819 {1,513
&1 1,550-0,205-0,806-0,20 | 0,15 | 6.6201 0,288 0,008 § 6,015 | 0,20 | 0,98 0,520 0,28

Tableay ) _
Composition chimique des coulées étudides

- les -aciers 60 et 61 ont été étudiéds, A- titre de comparaison,
~dans le cadre d'un programme communautaire européen®, La  nuance’

f 68 est 4 .bas carbone et contient up peu de molybdiEne.. Aprés lami-
/1age & chaud, [un  traitement thermique 2 980°C {5 mn)} a été
Tappliqué. La Laulée 61 permet d’etudler 1tinfluence d'un ajout de
cuivre et de nickel, Ltacier 61 n'a pas subi de traitement
‘thermique aprés Zaminage a chaud,

2-2- %&zea&eas

l.es différents aciers ¢étudiés présentent des structures du type
ferrite-perlite. Par rapport & llacier de référence (53} qui posw
sade une structure ferritique grossidre, l'ajout de 2 % de chrome
{nuance 54) accroit la quantité de perlite par action sur la té.
neur en carbone de 1'eutectoide etvsur la trempabilité. L'augmen.
tation de la tensur en alumlnaum (35 et 56) provogue un affinement
du graim. Les aciers 20r-1Mo (57} et 30r (5B} préséntent des
structures voisines : ferrito-perliticues avec quelques plages de
type. bainitigue. L'ascier 4Cr-1A1° {59} est homogéne avec. une
struvtuIP de type fervite-perliite & grains irés fins.

Afin de déceler une éventuelle influébce ée-la micrcstructurE'sur
la tenue & la corrosion, certaines éprouveties de 1l'acier 2Cr-]Me
ont subi une trempe 8 l'huaile afin diobienir une structure de type

* Nous remercions MM BLEKKENHORST (HOOGOVENS GROEF PLV.J et aaawo
{CSM} qui nous ont fourni ces gchantillons,
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martenszthue (repuree par la suite 37M), Cette microstructure a
été cheisie afin de nous placer dans des conditions extrémes pour
misux examiner 1tinfliense de Ia micrgstructure. Les asciers 60 et
61 présentent .respectivement wune structure férriticue et
ferrita-perlitique.ﬂ : .

A titre 1ndicatif, ie tableau 2 ragsemble les caractéristiques
mécaniques de 1’ensemble des acliers étudids. Le traitement ther-
migue effectud sur Zes aciers 53 b 59, choisl pour cbienir des
structure' semblables pour les leforente nuances, n'est pas en
effet le plus adéguat du point de wvue des caractéristiques
‘mécaniques. 1 tacier 60 {traitement de 900°C/S mn) et llacier 61
{brut de laminage) ont des caractéristiques mécaniques plus élevées.

' o

Repé;e Nuances Mi: - Mgg _mwf?ﬁ %
53 . Acier doux 247 . 366 38,5
_ j référeﬂce _ :
54 L aer : 242 432, 32,7
55 o ZCr—G,;Al 250 | a8 31,7
56 2Cr-1A1 T o280 | 4 1 28,5
57 2Cr-1Mo _ 280 578 24,9
58 ‘ 30 1 s 460 28,3
9 k' aCruiAl§ 261 a2 | 25,3
60 1,4Cr-1,581-0, Sto 471 565 11,5
e 1,500, 2000000 512 | i

Tablesu 2
Caractéristiques mécaniques des nuances dtudides
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3 - RESULIATS EXPERIMENTAUX

Des sssais in situ ont été effectués en ecau de mer vivante pour

apprécier les formes et les cinétiques des phénoménes de cerrosion
peuvant apparaitre sur les acliers faiblement allids exposés en
zones de marnage et d'immersion.

Au lsborgioire, des essais électrochimiques et des analyses de
rouille ont été réalisés afin de tenter d'expliquer le réle et le
mode d'mction des éléments dfaddition 4 partir des résultats
ochtenus in situ dans les stations de corrosion.

32 -« 1 - Esgais in situ

tes essais dtexposition en milieu naturel ont ébé réalisds en deux

sites différents : :

- 3 Biarrity dans les cuves alimentéss en ean de mer naturelie
{immersion) i

_ » Brest sur la station diessais en mer de Saint Anne du Portzic
{immersion et marnage).

Pes plaques sabldes de 200 x 3006 x 4 mm ont été exposdes péndant
4 périodes différentes : 6, 12, 18 et 24 mois ; 3 échantillons ont
été utilisds par nuance et pour chagque durée d'exposition,

Aprds chaque relevage, les échantillons ont été examinés visuelle-
ment. Des prélbvements de preduits de corresion ont été effectuds
pour analyse ainsi que des mesures de perte en poids et de profon-
deur de pirglres.

3 -1 « 1 - £n immersion permagnente {fig. 1 et 2), les mesures de
perte en poids obtenuessur les 2 sites, montrent gqu'ad Brest les
vitesses de . coresnsion sonk, pour 1'ensemble des nuances, plus
importantes. qu'h Blarrvitz. Ceci peut étre attribué & des courants
marine plus viclents & Brest, ainsi qu's 1'absence de macrosalis-.
sures & Biarritz. :

Cependant, le classement respectif de chague nuance vis & vis de la
corrosion généralisée est le méme pour les Z stations,

. Les nuances 20r-1AL (56), 1,5Cr-1,5A1-0,5H0 (60), 4Cr-1Al (59},
ont le meilleur comportement _ Co

. tes aciers 20r (54), 2Cr-0,35A1 {5%), 2Cr-Ito (57} 3Cr (56} ont
des pertes en poids plus glevées ; pour 1'acicr 2Cr«iMo on nlobser-
ve pas, B Biarritz, de différences trés impertantes entre la struc-
ture ferritique (97F) et martensitique (57 ;
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; La nuance de référence et tacier 61 (1Ce-0,241.0,2N:.0,40u) ont
le plus mauvais compartement;

Pes vitesses de corrosion freés basses sont mesurées aprés 7 ans
d’exposition. Les pertes de poids correspondent i das réductiens

d'épaisseur de l'ordre de 8,025 mm/an avec les nuances 56, 59 au

Cr-Al. L‘acier de référence se corrode 2 une vitesse de D,l mn/ary,
Cependant, les mesures de pertes de poids ne suffisent pas 2
caractériser convenablement le comporiement en immersion de ces
matériaux. En effet, '1'observation macrographiqué des éprouvetbes
{photos 1 et 2) montre que les pertes de poids correspondent ¥ une
réduction d'épaisseur 3 peu prés homogdne dans certains cas {nuan-
ces 53 et 54 par exemple) mais sont en rapport, dans dlaubires cas,
avec des zones de corrosion lccallsée d'étendues pluQ ou moins
larges (nuances -58 et 59 par exemple)
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Pertes de poids par immersion 2 Brest pendant 6,312,24 mois
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. »

Photo 1 Photo 2

Immersion & Biarritz : tmmersion & Biarritz
pendant 3 ans pendant 3 ans
Acier 53 ( Référence) - Acier 59 (4Cr-1AL)

11 est possible d'évaluer la profondeur des "piglres” {corrosion
localisde) présentes sous la rouille. ta figure 3 rassemble les
mesures effectudes sur ltensemble des nuances.

o
e

o

g

PROFONIEUR PIQURE /102 am

h

f'.ll.l'!fll’f'l;{ll’li
EELEEERIEE LIS RARIE:

S Figure 3
fvaluation des profondeurs de piqdre aprés
immersion & Brest pendant 6,12,18,24 mois
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tfexamen des résultats montre que les aciers les plus riches en
chrome 4Cr-1A1 (59) et 3Cr {58) sont ceux gui présentent les pi-
gdres les plus profondes. A part 1' acier & Z{r-lAL (56) qui a un
comportement intermédiaire, les autres nuances ont des profondeurs
de piqGres inférieures & celles existent 3 la surface de ]1'acier de
¢férence. Il est important de noter que les aciers au molybdéne
??7'@% 60} sont ceux qui souffrent le moins de corrosion localisde.

31 - 2 - En _zone de marnage, les aciers testés présentent un
plus ‘mauvais comportement qu'en immersion. Ce résultat n'est pas
conforme avec certaines observations réalisées sur des palplanches
ol }a vitesse de cerrosion est généralement du méme ordre’ de
grandeur en immersion qu'en marnage. Il convient cependant de
considérer que nos essais sont réalisés dans des conditions assez
différentes. DTune pari, on utilise des petites éprouvettes ol des
effets. galvanigues entre la zone immergée et la zone de marnage ne
peuvent pas se produire. D'suire part, du fait des conditicons
météorologiques assez sévéres rencontrées sur le site de Brest {13
.zane de marnage -se trouve étre une zone trés agresszue avec ~ure
action érosxue des vagues et des courants,

Les perte$ de poids mesurdes sanit rassemblées & la'ffﬁure 4.

PERTE £N POIDS mg/om?

VRRIEAIIEEI IS TR EE ISR AP P IINRY

: : Figure 5

“perte de poids en zone de marnage 3 Brest
pendant 6,12,18 et 24 mois

(in constate que les vitesses de corrosion sur les aciers alliéds
sont plus importantes que celles que nous avons obtenues avec
ltacier de référence. 11 apparsit donc que les €lédments d'alliage
{u-Al-Mo ne sont pas bénéfigues dang ces conditiens. Ceperdant, des
essais rdalisés sur des nuances au Cr-AI-Ni [60r-1A1-INi) (1)
ant montré l'intérét de 1'ajout du nickel pour une augmentation de
la résistance & la corrosion des aclers en zone de marnage.
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Lfexamen de la figure 5, ol sont reportées les mesures de profon-
deur des piqlres qui existent sous la rouille, montre qu'en zone de
marnage, comme dans le cas des essais en immersion, les aciers
3r (58) et 4Cr-1A1 (59) sont les plus sensibles aux phénoménes de
corrosion localisde.
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Figure 5

Evaluétion des ‘profondeurs de piqersé7en zone de marnage
C aprés 6,12,18 et 24 mois

3 - 2 - Essais en laborataire

3.2-1 ;.Essaié électrochimigues

Des me%prés £lectrochimigues ont été effectudes sur des échantil-
lons de métal nu ou préalablement enrouillés {2). Les mesures
électrochimiques instantanées ne suffigent pas & rendre comple du
comportement réel des acliers en eau de mer, ce qui montre que
1'effet des éléments dtalliasge sur la corrosion est obtenu
esgentisliement par la modification des caractéristiques des

couches de rouille.

£En revanche, les mesures électrochimigues (courants de corrosion et
courants limites de diffusion) faites sur des gchantilleons pré-
enroyillds 6 et 12 mois en eau de mer vivanite conduisent a des
classements proches de ceux que Fournissent les essais in-siti,

3w 2w Analyse“des rouilles
_La rouille qui se forme lors de la corrasion marine de Ifacier est
principalement constityde, selen différents auteurs (3 & 6) de :
afelH (goethite) '
£Fel0M (lepidnerocite)
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ffel0H {(akagandite)
Fe,0, (magnstite) :
et d' uge phase smorphe dont 1'un des principaux constltuants serait
d apraés (38 FebOH, T :

La diffraetian des rayons X et la spectroméirie d'sbscrption
. infrarouge ont &té utilisdes pour détecter la présence de ces pha-
- ses dans les rouilles formées en immersion et en zone de marnage.
La spectroscopie de diffraction infrarouge a permis d'obtenir des
donndes qualztatlues sur le pourcentage dBa ~différentes phases
.-obseruees. :

suyr la- répartition des éldments d'additions dan
rouille Formdes & la suite d'une immersion “U& ddi
trométrie d'émission de rayons X {Fluarescence“ﬁﬁ,
de daser ces PiémentSAd‘alzzage. wtl 3T T e e

_..("‘
L

fin peut distinguer deux couches de rouille & la surface du métal.
Pour tous les aciers étudiés, la couche la plus externe {en contact
avec le milieu extérieur) est essentiellement constituée de goethi-
te (@ fellH) et de lepidocrocite (W Fel0H). Il est inléressant de
noter gu'abrés 18 mois en immersion, la goethite se trouve en plus
grande proportion (=76 %) que la lepidocrocite. En revanche, aprés
18 mois d'exposition en zone de marnage, la couche de rowille est
easent;ellement constituée de- iepzdocroc;te ¥ Fel0H (pratique~
ment 100 %

Dang - la couche de rﬂuzile znterna, la magnetzte Fe est le seul

axyde de fer identifig avec certitude, par les mef%éﬁes d'analys&-

employées {représentant 30 8 60 % des’ phases présentes)

L'étude de la répartition des éiémento d’allzage met en évzdenc&
plusieurs points @ . . .

. En immersicn, on - observe généralement un sarichissement en é1é-
ments dlalliage dans 13 partie-inférieure de la couche de rouille.

A partir des examens effectués 3 la mzcreﬁonde éiectronzque dont
quelgues exemples sont représentés aux - {xgures 6,7 et 8, les
aciers peuvent &tre classés en 3 catdgories : '

- ceux qui présentent un enrichissement significetif par rapport

ot métal de base en Cr, Al et Mo {aciers ZCr 1A1, 3Cr, 4Co-1Al,
2Cr-1Mo) dans les couches de rouille. . :

- geux qul sont recouverts dfune couche de rouille peu ou pas
enrichie en éléments d'addition.

ta mlcrascnde électronique a donné par allleurs des ; fo zmatlons
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enrobage

rouille

metal

Image £r

enrobage

rouilie

métal

Image Mo

Lr-IMo {57}

Figqure 6

Observations 3 le microsonde électronigue
des couches de rouille formées aprés 2 années
dlimmersion & Biarritz
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e e . oo o

Image Al

20p-1A1 {56)

) Figure 7 _
ibservations & la microsonde électronique
des couches de Touille formées aprés 2 annédes
dtimmersion & Biarritz
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Image Cr

3Cr {58)

Fiqure 8
Observations & la microsonde électrenique _
des couches de rouille formées apres 2 anndes
d'immersion & Biarritz

- Touiile
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t tenrichissement en &léments d'addibion peut &tre lecalisé &
1tinterface mékal-couche de rouille et former ainsi  une
sharriére’  (exemple acier  2Cr«1Mo). On ¢bserve aussi des
enrichissements en "strates" {aluminium dans l'acier 20r-1A1)
plus ou mains homogéne (chrome dans 1'acier 3Crj. .

D*une menidre générale, l'enrichissement en chrome est d'autant
plus important que la tencur de départ dans l'acier est élevée.
t tenrichissement en £r ne dépasse pas 10 %. Celuil en aluminium
nfexchde pas une teneur de 15 %. La concentration des différents
déidments dvolueni beaucoup pendant les 18 premiers mois de’
1'immersion. -

Les aciers 56 'et 60 qui présentent les pertes de pqié§ les plus
faibles sont aussi ceux qui ont une teneur -en aluminium plus
importante que la teneur en chrome dans }la couche de rouille.

. Ffn zeone de marnage,. l'enrichissement en éléments dlaliisge
aprés geux années d'expesition reste faible en regard des
concentrations mesurdes en immersion, et cecl malgré une vitesse
de corrosion dlevée et de ve fait une disselution importante des
sléments d'allisge. '

4 - DISCUSSEH& ET_CONCLUSION

Les essais in siiu effectudés sur les sites de Brest et de Biar.
ritz conduisent 2 des résultats cohérents @ les acliers les plus
alliés &4Cr-1Al, 20r-1A)l et 3Cr donnent les pertes de poids les
plus faibles tandis que les aciers 2Cr, 2Cr.0,3Al et 2{r-lMo
révélent un comportement intermédiasire entre les trois premiers
et llacier doux de référence qui subit la corrosion généralisée
la plus importante, les additions de Cr et de Al réduisent d'un
fackeur 3 5 4 {n 8,025 mm/an) les taux de corrosion de la nwance
de référence non aliide.

Cependant, tous les aciers ne subissent pas les mémes formes de
corrosion, et les acliers les plus riches en Cr connaissent les
corrosions localisées les plus impertantes, Parmi les nuances
studides, celles & 20r-JALl présentent & l'issue de deux anndes
drexposition, le meilleur compromis de résistance aux deux formes
de corrosien précitdes,

En immersicn, les éléments diallisge exercent un effet essentiel.
lement en modifiant les carsctéristiques des couches de rouille
gui adhtrent au mébal, et qui sont principalement constitudes de
magnétite 3 les éléments Cr, Mo el surtout Al sont enrichis dans
ces couches et ceci d'autant plus que le métal de base est plus
aillié. Ces couches _internes, enrichies en éléments d'alliage,
adhérentes et compsctes, doivent constituer um écran protecteur
pontre ls cerresion. Les phénoménes d'eprichissement sont
beaucoup plus faibles dans les zones de marnage.
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Les raisons de la tendance 2 la corrosion localisée des nuanees
les plus allides ne sont pas complétement déclaircies, I est
vraisenblable que les inclusions MnS + Al 0, que nous avons déce-
16es (2) d¢ans 1llacier 4Cr-l1Al par examplg gkuuent intervenir sur
1tamorgage des pigdres (7,8). Toutefois, les dimensions des zones
de corrosions localisdes et des inclusions ne sont pas du tout du
méme ordre de grandeur. '

i1 semble bien certain que les phénoménes d'agidifications pro-
noncées (pH < 3,8} qui ont été mis en évidence par plusisurs au-
teurs’ (9,10,11) contribuent besucoup au développement des corro-

gipns, lorsque celles.ci sont amorcées. }ans cette optique toute-

fois, le mécanisme d'action des éléments Al et Mo nlapparait pas
encore nettement. Sur le plan pratique cependant, le molybde-
ne tend & généraliser la corrosion sur ltensemble de la surface
de 1'éprouvettie. S I

Un phénom2ne important & prendre aussi en compte nous parait étre
celui du  couplage galvanique entre les zones cathodiques
*passivées” el les ‘zones anodiques corrodées, zones que l'on
déotle 3 1'oeil nu sur les nuances les plus slliges. Un tel cou-
plage est en effet de nature a porter, en milieu acide, le métal
a des potentiels ob i1 peut subir des sorrosions par “pigQres" et
5 exalter la dissolution anodique (2).

£n définitive, ltaddition d'éléments judicieusement choisis per-
met

- de réduire de fagon importante la corresion généralisde des
aciers dans Ifeau de mer ;
|

- de trouver un compromis entre la résistance 2 la corrogion
généralisée et la corrosion localisée.

Les taux de corrosion observés sont alers tels que la protection
cathodique ou par peinture n'est plus indispensable.

Nos travaux se poursuivent pour améliorer encore les compositions
des nuances & base de chrome et d'aluminium,
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ETUDE DE LA CORROSION D’ACIERS EN EALL DE MER PAR MESURE

i

DE L'IMPEDANCE ELECTROCHIMIQUE

3* A *%
Ph. Blanchard 1. Couttot-Coupez , L. Lemoine

Laboratoire de Chuma Analytigue
LA. CNRS n° 372, UBO, 79783 BREST CEDEX [France]
CNEXO/COR
BP 337, 29773 BREST CEDEX {France}

RESUME

Le comportement de diverses nuances. daciers a ¢t¢ obsewé en milieu
eau de mex naturelle dans dés conditions d'immewsion pendant une dutee
de deux anndes, ainsi gu'en cellule & cireufation.

Le mécanisme de lo comosion a €44 dtudid. Une comparaison a €gale-
ment €16 entreprise entre les diffdrentes méthodes de suivi de fa cotio-
sion ;3 notamment fes différents parumdtres pouvant éfwe extrails de
fa mesute de {'impddance dlectrochimique ont €té confrontds aux valeurs
- obtenues pour fes pertes de poids.

|

4

ABSTRACT

Behaviour of vartieus mild steels has been investigaled in natutal seawa-
ter under immensed conditions and in flowing cells, during two years.

Co'zwa.ior: mechanism has been studied., A calibration has been done

between different electrochemical metheds, Patticularly, electiochemical
impedance data have been compared with weight fosses.

INTRODUCTION

Les ftudes de corosion d'eciers en eau de mer metlent fe plus souvent
en jeu des mesures de pertes de poids et de profondewts d'atlaque ains
que fe tracé des courbes éﬁtemétémotmtiaf

Actuellfenent, la tachmqaa des impddances €lectrochimigues, permettant
{e dissecier fes mécanismes fail E’ob;et de deuefoppemamta. Cependant
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malgrd sa puissance, elle n'est encore que peu utitisde car elle ndeessite,
pout une bomne interprétation des 1dsuftats, une méthodologee de dépouil-
fement délicate de mise en oeuvie, .

Dans ce contexte, une expluimentation a €té entreprise pour Etudier
la 16sistance & la corosion marine de frols aciers diffdrents, immezgés
pendant dewx ans ¢n eau de mer naturelle. L'dvolution de la coriosion
a ¢té suivie par les difgérentes méthodes citdes précddemment el une
interprétation des diagrammes d'impddance a ¢1€ recherchde,

] ~ RAPPEL BIBLIOGRAPHIQUE

Les mécanismes de cortosion d'aciers en milieu maun et dans fes milieux

de pH voising de fa neutralitd sont rendus t1ds complexes par fa crowian-
ce a ba surbace d'dpais dépbts de produits de cortosion. En effet, feau
de mer contenant enviton 8 mg/l d'oxygéne pewmel d'oxyder fe fex
& des degiés supérieurs & deux. Les oxyhydroxydes ferrigues produdts,
tr1és pen solubles, forment des couches de rouille dont fa composiion
et ba sfcture peuvent Etre détermindes par spectiophotomdtrie infrarou-
ae ou diffraction de tagons X. Clest ainsi que Ja couche exteine esl
essentieflernent constitude dlun dépdt peu adhdrent. pouvant former
d'épais renflements de couleur touge biique & bwun foncd ; fes consti-
tuants qu'elle 1enferme sont principalement fa goethigue {a FeOOH],
fa plus stable et la pidocrocite (pFeOOH)L La couche intewme dont
ta croissance inteivient pluy tard (dams des conditions d’oxygénation
plus foibies), plus  fine et t12s adhdrente, renferme puincipalement
de ta magnétite {Fe, 0 ). [5] _

Les examens des produits de cortosion obtenus laissent prévein plusieurs
mécanismes possibles pour leur forvmation et done pour la coviosion
des aciers dans Peau de mer.

La 1daction de dissolution du fer est au départ couplée avec la réduction
de Poxygéne et fon a fowmation d'une couche d'oxyhydroxydes ferriques,
surtout de stracture g au-départ lseule cette stueture est stable au
pH de Peay de mer, un mikieu plus acide €tant néeessaire & la fowmation
de I fowme ¥ b L'oxygénation diminuant, {'on a ensuite foumation d'une
couche intewe de magnétite, pouvant elfe-méme &fre oxydde dans une
~ dtape ultérieute ; fa cortorion devient afors plus fente. '

La pounsuife du processus se ferait emsuite par réduction de Toxygene
migrant & travers fes couches peu conductrices de FeQOH et oxydation,
a0it de la magnétite en FeQOH & Pinterface entre ces deux oxydes,
s0it du e avec cioissance de la couche intetne & Pinterface der/magndti-
te ou migration d'ions ferteux a tuavers o magnétite.

C Une deuxidme possibit ité pour fa rdaction cathodique rdside dans la
1éduction de Poxyhydioxgde en magnétite, qui imposerait la vitesse.
Le gront entre fes deux oxydes se rapprochant de la surface, on pouriait
avoir de nouveau téoxydation par foxygene en solution.

1 faut également noter que dans fe cas d'aciets faiblement allids, fa
“couche inteme de magndtite s'entichit en didments d'alliages qui peuvent
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modifier ainsl ses propu€tés viy a vis des wactions cathodiques et
anodiques [1,2,4,51 '

2 - MATERIELS ET TECHNIQUES

) -
2.1 ~ Prdparation des éptouvettes

Les matériaux testés sont des aciers doux. La composition éidmentaize
est donnde par fe tableaun 1.

Les dprouvetfes cartdes 19x9 em} ont ¢t découpdes dans des tiles
butes de faminage de chague nuance. Efgs n'ont pas subi de traitements
thetmiques, ni de wctification ou de polissage. Apies décapage quelques
heutes dans HCI 5N contenant 5g/f d'hexamdthyténetdtramine, offes
ont &té wncdes a Peau distifice puis & Lalcool ¢thylique avant d'étre
sdehdes & Pétuve. Chagque Cchantitlon est rwaccordd, pat soudure & Fétain,
a un conducteur Electrique ; les surfaces non destindes & Pétude |pattie
awitre, bowdure, zome de soudure] sont emsuite recouvertes de 10sine
epoxy. La surface exposde est alors dans tous fes cas proche de

50 em® Le poids initial détermind, s {Eprouvettes sont immergées
verticalement st des cadres de PUC en bassin avee 1enouvelfement
continu d'eau de mexr. Ce bassin €iant aitud & Pintdrieqr dlun bdtiment,
in croissance des salissures biologiques est partiellement inhibée.

Des dchantitlons de 107 em?® enviton el polis jusquiau papietr numére
500 ont été exposds en cellules 4 circulation d'eau de wmer naturelle
aptes une prépatation ientique. Un deoulement laminaite a @t¢ obtenu
el fa vitesse de Peau esf proche de O,1 m/s.

Les dprouvettes sont relevdes apis des périodes dlexposition de 3,
6, 12 et 18 -mois aprés avoir subi fes diverses mesures Electrochimiues.

2.2 - Mesures effectudes

Les potentiels  libres de corrosion sont mesurds hebdomadairement pax
tapport & une dlectrode de ré§érence Ag/AgCHCledm (potentiet
5 mU au-dessus de Pélectrode ECS) & Paide d'un millivoftmétie haute
impédance Tacussel Arigs 20 000,

Les coutbes intensitd-potentiel sont tracdes & Paide d'un potentiostat
et d'un pilote de tension Tacussel. L'acquisition des’ donndes a &té auto-
matisée par Pemplol d'un ensemble composé dun caloulateur servant
Cgafement au fraitement des donndes, dlun millivoltmétre mesurant
d'upe fagon altewnde fe courant et fa tenmsion el d'une table trwgante
digitafe. L'électrode de référence est une {lectrode ECS tandis qu'une
plague de titane plating constifue I contre-électiode. .

Les coutbes sont tracdes a partin du potentiel de cortosion, & la vitesse
de 5 mU/mn, vitesse pouvant 8tre considérde comme compatible avec
un &tat quasi-stationnaize.: Une cowtection de chute ohnigue est effectude.
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Les diagrammes d'impédance sont obtenua a Paide d'un ensemble
Sehiumberger-Solartron,  analyseur de fonction de tuansfert 1777 et
potentiostat ECI 1186. L'enregistrement a lieu en mode potentiostatique
avec une tension surimposée de 10 mU efficaces, La gamme de gréquen-
ces s'dtend entre 10 KHz et 0,1 mHz & 1aison de 5 mesdies par décades,
i dutde totale d'acquisition ésl alovs d'enviton 15 heures.

Les donndes sont stockdes sur calculateur pour faite Fobjet de divers
taitements : transformations plan de Nyquist - plan de Bode, ajuste-
ments de modeles et simulations. Les diagrammes présentds sont pammé/tqéa
en fréquences, patr décades depm& fa valeur 1 pour 10 KHz guaqua
¢ pour O,1 mHz. b,

1

3. RESULTATS

3.1 - Pextes de, poids et mo'zpho!cgie des attaque&

La figure "1 zepmaanta fa perte de poids observée pour fes diffcrents
aciers en fonclion de la durde dlimmension. Cette mesute est effectude
ap1ds. limination des produits de cortosion dans une selution décapante
contenant un inhibitent. Pour Pacier au catbone, la vitesse d'attaque
semble  relativement comstante aufour de 5 g/dm®an ; Fattaque est
uniformément 1partie s lo surface. Pour fes aufzes aciers, un nel
ingléchissement est constaté ap1es enviton 6 mods. Dans nos conditions,
fa pette de poids est enviton 3 fois plus faible, au bout de 1§ mois
d'essais, pout Pacier 3 que pour Pacier de wfdrence. U faut de plus
noter que swr fes aciens allids, latlaque n'est pas uniforme mais donne
tien & une 5epamtwn entre des zones anodiques rouillées, et cathodiques
tecouvattes de dépit cﬂcamagneuem .

3.2 - Suivi du potentief

A Pimmexsion en eau de mer stagnante, e potentiel se situg en général
autour de -~ FOO mU/ECS: Une valeur tids stable est obtenue au bout
d*ine cmqmatme de ;oms. Un annobfcasemant t1¢s lent et 1égulier
est afors constaté duiant’ une annde, suivi  dune stabilisation. Nos
wsultals sonl sur ce plan en accord avec ceux récemment publids pour
un méme type de matérinu [7]. Les nuances allides présentent des poten-
tiely plus élevés. Il ne semble cependant pas exister de wpport dizeet
en U{t(’.&ée da corosion el potentiel d'abandon pour fes aciers teatds.

3.3 '—-Combe.s inteiiaité«pd‘tentza

Les ca{dcfeu&thuaa mtanb{}te»potaﬂ?{ef ont ¢1¢ tracdes dans fes condit ons
d'exposition des épwwettea a des femps d'immersion de O, 3, 6, 17
et 18 mods.




Nuance C Mn 5 N C1 Mo Cu Af
1 10,10210,28 [0,00610,03510,14 |0,03 (0,02 {0,017
7 10,100/0,3¢ {0,00%0,0323,11 [0,02 10,015[0,026
3 |o01510,38 |0,008|0,03212,14 10,0070,01 (0,925
Tableau 1 : Composition ¢iémentaite des a.ciau}_. Studida.
Potentie! ._
Nuanece (mU/ECS] Début | 3 mois 6 moia_ 1§ mois
850 775 T4 1508 778,00
1 - §00 13 $,5¢ | 5,00 | 5,10
- §00 16 15,5 | 11,26 4,07
3 850 i3 NN AL
- 500 13" 11,88 6,48 6,55

Tableau 7 : Evolation en fonction du temps, du courant
de digfusion de loxygéne a 7 surtensions
cathodigues ten pA em *.

20%

Déout 6_moth 17 mots . Y% moeh

Cy iRy [€3 [R5 €7 1Ry [C3 [R5 1€ Ry 1€ 1R [Cy 1Ry [€5 B3

FEVAE] - | - (6. 70680 1 T PEE(SATITITNEID 1.4 - -

R U R R FE s T R PO YA VX PR A D A B

BE R0 29.4 A G0 T s IT A4 B T Ba.5(68 T
0.713.3 1

SF3E - - ST TP eg [TA s [T 7.3 BT BS
64 2.7 |- - 1O 2.8 8.0 1.8 .55' 6.5 13.9 4.4

Tableau 3 . Evofutmﬂ des parametres de Pimpédance

électrochimique avee fe tampa
{capacdds en mFem™ %, 16sistances en Kacm?)
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3.3.1 - Coutbes cathedigues

T Des Mimmension, en fabsence de produils de cortosion, ces courhes
meltent en évidence la prdsence d'un palier de diffusion de Poxygine
dissous s'étendant du potentied fibie jusqu'a enviton -1000 mUFECS
{figure Zal. Le courant Hmite de diffusion de Poxygéne est d'enviton
70 pAem % M est & noter qu'a ce stade aucune différence importante
ntexiste antre les nuances, houmis fe potentie! de cortosion.

Ces courbes dvoluent au cours du temps lfigure 76} el cortespondent
probablement a 2 1dactions de 1éduction simultandes : celle de Poxygéne
dissous et celle probablement des produits de corresion, & des potentiels
infericurs a - 800 mUJECS. Cefte dewitre €action subsiste fors du
tracé de fa coutbe en eau de mer dérsoxygénde quelques heutes aupara-
vant, lapparition de produits de coriosion wdductdles we peut €fre
mise en dvidence dans f cas de la nuance compottant du chiome et
de lalumonium.

L'évelution du cowrant lmite fa diffusion de Foxygéne leourant en
mitieu oxygdnd - courant en milica désoxygénd} en fonction du temps
est donnde dams fo tableau 2. Celui-cf diminue au cours du temps mais
d'une maniére moins 1apide dans & cas des nuances alfides. Ce phénoméne
peut &tre attribud o lo diffdrence des facids d'attague entre facier
I, uniformément enroudltd, et les aciers 7 et 3 cowedés par plagues.
te dépdt caleo-magnésien semble done &tre plus permdable & Poxygine
que fes couches de zouifles. h

Dans e cas de f'acier au catbone, fa vitesse de corrosion en pAfem?
estimée & faide de fa lol de Faraday & partin des pestes de poids, a
senséblement la méme valeur que o coutant lmite de diffusion de
Toxggéne {5 pAlem®l, Pour les autres aciers, on se sifue t1és probablement
aux conditions de corrosion, dans la zone wmixte activation-digfusion
de o vague de diffusion de Poxygéne.

~ 3.3.2 ~ Courbes anodiquas‘

L'atlure des coutbes anodiques dans la gamme de courants

O - 0,2 mA em ® est weprdsentée sur fa figute 3. Ces courhes n'évoluent
pratiquement pas dans fe temps pour Pacier au catbone, tandis qu'une
rette diminution du courant appatall dams & cas des aciers atlids. Ces
cowrbes ne présontant pas de pentes de Tajed, cetie diminution du courant
est diggicite a attribuer & une modification du mécanisme électiochimigue.
L'hgpothése d'une diminution de In surface mise en jeu semble devoir
étre 1ejetde, Paptitude & la corrosion localisde agant temdance & s'estom-
per auec fe temps [5] Les causes fes plus probables sont soit fa diminu-
tion du patamiétte ba de Tafel par une vazigtion de i natute de Pinterfa-
ce, soit fa formation de produits de cowosion de grande résistance
électrigue, déformant fa coutbe intensité-potentiel.

L'évaluation de Ia vifesse de covrosion & patir de ces coutbes ne peut
£tre effectude ni par méthode graphique, nt par ajustements de patamétie
& Paide de programmes dcemment publids dans fa littérature [8]

-
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3.3.3 - Discussion

Sauf dans fe cas de fa nuance au catbone, ces courbes ne peimellent
pas de caleufer fe courant de corosion ef done de caractdriser o tenue
a lo corrosien de nos aciers. Toulefeds, {4 o pu étre mis en dvidence
des difhérences de rdactivitd entre fes coubes de roudlle, apportées
par fa présence d'éléments d'alliage. Ains, Uensemble des proprdtés
" cathodigues et anodiques, de méme gue ['évolution dés potentiefs -dans
fe temps, pewmettent de pemser que fa vitesse dlaffaque des aciens
alliés est pour une large part sous contrife anodigue.

3.4 - Diggrammes d'impédance électrochimique

. Des dingrammes ont €€ tiacds en potentied de corrosion pour diverses
© durdes tout au long du viediissement des {prouvettes. Les principaux
. types obtenus sont reprdsentds sur Iz figure 4. La forme de ceux-ci,
notamment ceux refevant des nuances allides, tmpligue qu'ils -contivnnent
plusieurs boucles ; 1ésistance de transfert {RE) ef wsistance de polatisation
{Rp} 'n'ont donc pas dant notte cas fa méme signification. Cecl peut
expliquer Pabsence de droites de Tafel sur les courbes intensilé polentiel.

Les diverses boucles présentes wlvent de temps de refaxation ids
voising 3 sefon Pordre ddersissant des §rdquences, on peut toutefols
envisager de décomposer. f2s diagrammes en digférents sectenrs : -
~ A hautes {iéquences {de 10 KHz & 10 Hzl, i existe une beucle dans
fo domaine capacitif qui voit son ingluence augmenter avec fe lemps.
Celle~ci est suivie d'une seconde boucle capacitive a des frdquences
comprises entre 1 Hz et 10 mHz, selon les aciers et fes temps d'im-
mension, ef dont o centre. est situd (184 en dessous de Paxe des wdeds.
I est généralement possible. d'observer dlautres boucles a §réquences
t1és basses, particalitrement st fa nuance allide au chrome et g Valuminium,
Elfes présentent. généralement un caractire nductif. pour fes temps -
d'immersion mfdricurs & ¢ mois et capacitif pour fes temps plus longs.

3.4.1. Mdcthode d'exploitation des diagtdmmaa

extiait de Pimpédance avee fes donndes de pertes de poids. Pour cela,
id faut alors noter que pour ey dingrammes oblenus dans notre {tude,
aucune détermination de paramétres ne peut 8fre effectude par une
méthode simple. La transformation selon la technique de Bode [9] facili-
tant glnéralement Pexploitation d'impédances composées d'éléments
convention nels lcapacités et rsistances inddpendantes de I fréquence)
n'a pas apporté de grandes améliorations.

% hes i . 5 .

| Une condlation a ¢fd rechewchée entre un paraméize pouvant &fre
|

1

Une. méthode de calcw! a done 4té employée [101, qui comsiste en
-+ Pajustement de portions de cecles ou de droites. Celle-ci fait appel
aw caloul de Pellipse déerite par fes variables centrées wduites :

o, = XEGY o, = YIED)
d o
X : ¥
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o Eix ét_ Ely) représentent o moyenne des variables x et ¢ affectdes
wipectivement & la. partie telle et imaginaire de Uimpldance. 9, et ©
reprdsentent les dearls-types cafeulds sur ces mémes vaviables.

. La détexmination de_tette ztfiipée d'équation : -
. 8 8t L '
. 2% s ! . .

okt ATet B sont -estimés par une méthode de moments, constitue une
.- voie géndidle permettant d'accdder & Pajustement de parties de droites
o pouvant’ mettre en évidence la pidsence diimpédance de diffusion ou
- de caracténiser une surface poteuse {171 ou de patties de cercles aelatifs
a-des capacitds ¢, @ : R

Cette miéthode goumit alors fa valeur du rayon, fa position du centre
dans e cas d'un cercle, fa vw.leur de fa pente dans fe cas d'une dioite
et Yanalyse du choix du modéfe par discrimination.

Cet ajustement a été, dans fa mesure du possible, appliqué & Panalyse
de chaque are capacilif dans un domaine de frdquences ‘lpartic haute
fréquence] o d r'y a pas de perturbations trop importantes par fes
ares voising, . La.1dsistance associde: & chague arc est alors downde pat
fa valeur comprise enfre les deux infewsections du cercle aveer Faxe
des 1éeds. La capacité, a 1 Hz, a 6td caleulde selon ta technigue proposde
pax Cote and Cole [12] '

tog “SoEL 1= ai(Log(R.C +L0g( w))

Cavee R ; Résistance associde & fare
C : Capacitd * #
w7 s Impédance & la f1équence wro x
u :argument du vectewr {origine  du diagramme
T eentre du cerclel.
en ulilisant Pajustement d'une droite.

Le diagramme total peut alows &t1e progressivement simplifid par suppres-
_sion des Céments. calewlés. Dans fe cas de la suppression d'une capacitd
s en patallele, le “diagramme tésultant peut ét1e obtenu & Paide de in

redation -

Low .

. Z Nz, T %

ok Co tepréente Ia valeur de la capacitd & fréquence donnde, pouvant

t1e obtenu sefon @ . :

b fmy =g X
R.C) %, c oy
Oy = 2 (cosa} - sina} ).

3.4.2 - Intexprétation et relation avee la vitesse de coriosion:

A pattiv des tCultats des ajustements effectués ainsi que des interpréta-
.3 tions 'donndes par digfdrents auteurs, i est possible de pioposer lo schéma
wodquivalent eptdsentd sur la figure 5. C

¥
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RI et €1 peuvent &tre attubuds a Mnfluence d'un dépdt & la surface
de f#dlectrode [13]. La mesure du produit R,1 & plusicuns potentiels
sar des Echantitlons rouilles en cellules & cicalation dutant 4 mols
donne des valeurs assez proches de celfes atfendues pour le produit
REI ide 120 & 160 mU pout fa partie cathodigue et de 20 a 40 mU
pour fa partie anodiquel. Cedd justifie donc fe choix de fa seconde boucle
comme cefle représentant Iz capacitd de double couche en parailéle
sut fa wésisfance de transfert.

Lay rsubtals des ajustements sont donnds dam te tableau 3.

Les valeuts de o copacitd de double couche sont généralement t1ds
grandes lde Fowdte du mF em . Celle-ci augmente de fagon quasi
iindaite avec fe temps dans fo cas de fa nuance non allide ef de fagon
moins {mportante pout fes autres. Ces différences traduisent tnds ceitaine-
ment des modifications des couches de rouille par les éléments H'alliage.

I faut signaler que fa forme de {a seconde bouecle capacitive, notamment
dany fe cay de Pacier au carbone, peut s'dloigner notablement d'un
cercle dans so pattie haute frdquence. Ce phdnomine a déja ¢té signalé
{71 comme -pouvant proveriz de f’mémeﬂce d'une couche de ma,gnetcte
poreuse el conductice. :

Bien gque la vitesse de cizculation de Peau ait une {nfluence {mportante

sur fo vitesse de cortosion de nos aciers, d n'a pas €X¢ possible de |

metlie en ewdence ta p’tuence d'une impédance de digfusion. L'impédan-
ce faradigue t obtenue pat suppression des deux premidres
boucles se mmana, ap{gé & wmols enviton, & une simple 1dsistance pour
fes aciers -1 et ¢ tandis qu'une boucle capacitive peut généralement
8tre obtenue pour Facier’3 {figute 6.

La vitesse ‘de corrosion constante au couts du temps pour Pacier au
catbone peut &tre associde a fa wisistance de Lransferd qui teste quasi-in-
variante tout au long de limmension. Un dtalonnage semble  égafement
wéalisable entre Rt ef lg vitesse de cortosion par Facier 2, tandis que
fe comportement de Pacier 3 semble micux comdld avee fa somme
Ry, Ry fou RE + RF] qu'avee RE.

CONCLUSION : f

Une mdthode de calcel des composants de Mimpddance a €€ proposde,
qui ne fdait pas appel aux grandes approximations gindralement effectudes
pour des dizgrammes prdsentant des boucles de {ormes non conventionet-
fes. La velidité des paramitres ainst extiaits peut €tre tenforeée par
o bonne comdlation génératement oblenue entre dingrammes expérimen-
taux et diagrammes semulds,

Une 1elation empizigue peuf éi1e obtenue entre fg vitesse de cotrosion
et fa «dristance de pofarisation. Toutefois, fa grande complexité des
- diggrammes obtenus et fes diffdrentes hypothises émises quant & Pattui-
bution des diff€rentes boucles nécessitent encore des éfudes fines du
10le. électrochimique des différentes couches présentes sur Pélectrode
par {lintewention de facteurs tefs que porosité, tésistivité, capacités.
Des travaux sut des couches uniformes de dépdt calcomagnésien et
de produits de covtosion sont actueflement er cours.
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Figuse 6 : Exemple d'exploitation des diagrammes. ;

- oas de Pacier n® &

a} Ajustement du second atc capacilif ;

bl Tiacd ef ajustement de Pimpddance faradique.
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EFFET DE LA PRESSION HYDROSTATIQUE SUR LA PERMEATION DE L HYDROGENE

DANS LCACIER, DANS DES CONDITIONS DE CHARGEMENT ELECTROLYTIQUE

FESTY Dominique, LEMOINE Lioneil
CNEXO-COB

BP 337 - 29273 BREST CEDEX {France}

RESUNE

Afin de connaitre le comportement des aciers & haute résistance
mécanigue utilisé en grande profondeur, une étude a été entreprise
pour gualifier l'effet de la pression hydrostatique sur la perméa-
tion de 1'hydrogéne dans les aciers. Une cellule de perméation spéci-
fique a &té développée. Les expérimentations sont réalisées sur du
fer Armco et de l'acier 42CD4 dans un électrolyte agité (Q,1N ® 504)
Jusqu'a 800 bar. Les résultats obtenus metient en évidence que la
_pression n'affecte pas le coefficient de diffusion mais augmente le
flux d'H_, dans ces conditions d'essals. Un risque accru de fragili-
sation &5t A& prévoir pour des aciers protégés cathodiquement sous
forte pression, '

INTRODUCTION

Liextension en grande profondeur de la recherche et de l'exploita-
tion des ressources minérales et fossileg en milieu marin nécessi-
tent et r cessiteront 1'emploi d'aciers & haute résistance mécaniqaa.

Da* de tels milieux, une fiabilité accrue du matérlez est néces~
 saire _ompte tenu des coflits d’lnterventlan.

En milieu marin la protection cathodigue est généralement utili-
sée pour assurer une duréde de vie maximale aux matériels. C&pendant
la réduction cathodique de l'eau produit de 1‘hydrogéne susceptible
de fragiliser les aciers, ce gui va & 1! encontre du critére de fiabi—
lité.

parmi les travaux effectués sur la fragiliaatioh par 1‘hydrogéne
sur l'influence des paramétres d'envifonnement,l'effet de la pression
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hydrostatique a été &tudié par ceux auteurs {1,2). Tout d'abord
Nanis et Deluccia {1} ont travaillé sur du fer Armco dans une solu-
tion de chargement 0,1 N H SO4 + 0,001 N HCL 3 21°C. Ils ont utilisé
une cellule de perméation Ftype Devanathan {3)) congue pour travail-
ler scous pression hydrostatigue. La mesure du taux de perméation et
ltévaluation du coefficient de diffusion & différentes densités de
courant et différentes pressions leur ont permis d'arriver aux résul-
tats suivants :

© 1/ Le taux de perwméation de lthydrogéne résiduel (sans protection caw
thodique} croit linéairement avec la pression jusqu'd 420 bar. La
croissance s’accentue entre 420 et 550 bar., (figure 1)

2/ Les effets de la pression sur la perméat?on de 1‘*hydrogéne sont
réversibles dans un domaine allant de O 3 Sﬁp_bar‘

3/ Le 'coefficient de diffusion est indépendant de la pression appli-
guée jusqu'd 430 bar.

4/ lLa solubilité de 1‘hydrogéne dans le fer Armco est proportionnel-
le & la pression appliguée jusqu'd 420 bar.

Iis concluent donc & 1'intérét de tenir -compte. du rdle de l'hydro-
géne dans la rupture d'aciers devant &tre utilisés A grande profon-
deur. D'autre part, I'absence d'effet.de la pression hydrostatique’
sur le coefficient de diffusion indique une distorsion minime du ré-
seau et peut apporter des éléments dans la description de la migra-
tion d'Hzndans le cas de contraintes statiques

A

: < -188¢
..‘g
3% ’
£ ot /
.'.”,. / 3
& 4} /
~ .
: E 3
9
B .
L R T B R T R MY

PRESSION (bar

Figure 1rCourant deperaea‘:im residuel en fonotion
-de la preseion hydrostatique a 216C(1)
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Blundy e* Schreir reprennent la méme tecﬁhxque expérimentale en
ajoutant ‘un systime d'agitation afin d‘zsoler 1reffet de 1a pression
rartielle de 1l'hydrogéne PH2

Ils ont etudl% ia perméation de 1 hydroggye a4 travers ltacier
dans C,1 mol dm NaOH et dans 0,05 mol dm H_80,, dans des condi-
tions de densité de courant et de pression applfiquées constantes et
différentes pressions partielles en hydrogéne. Ils ont moniré que :

-~ 8i 1'hydrogéne dééaZé a4 1a cathode peut diffusér dans la selution,
ia pression partielle n'est pas affectée par la pression hydrostati-
que et les risques de fragilisation ne sont pas plus grands qu é
pression atmosphérique. (figure 2)

—
N ta

J {microA/cw’d)

i !
v odadd f dell
v 68
TENPS Gor)

Figm 2: Courant de permection en fonction de } agi~
tion el de la preseion hydrostatique(2).
A: Pelabn, ogite; B Pelate, agites G Pelate, nan
%=.; ' agites D P*12atm, ron agites £t Pe125atm, agite:
" FyPu5B8ctm, agites i P=lobn, agite

LA METHODE EXPERIMENTALE *

Chbix de la méthode

A partir de ces résultats, les objectifs de cette étude sont de
développer un moyen d'essal permettant d*étudier 1'effet de la pres-
sion hydrostatique sur la perméation de )'acier dans différentes sow
iutions de chargement électrolytique, af'in de pouvoir. disposer d'un
outll permettant de qualifier I'agressivitd d'un chargement,

\.
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Nans le but de qualifier notre méthode, nous nous sommes attachés
a4 retrouver les résultats fournis par la littérature sur le fer Arm-
co dans des soclutions Hasod.

Différentes méthodes peuvent 8tre utilisées pour étudier la fragi-
lisation de l'acier par 1'hydrogéne {dosage de 1'hydrogéne pagﬁdégaw
zage de l'échantillon & température croissante, essais mécagiques
striction d'éprouvettes chargées ou non en H,, également ruptuge dif-
férée d'éprouvette, chargée en hydrogéne sous contrainte statique).

Mais dans le cas de 1'étude de 1'influence d'un paramdtre d'envi-
ronnement, en l'occurence la pression hydrostatique, la cellule de
perméation apparait comme bien adaptée, Cette méthode permet 1'étude
de ia diffusion de 1'hydrogéne, généré &lectrolytiguement, & travers
une membrane de fer par oxydation anodigue de 1'hydrogéne sur la fam
ce de sortie et mesure du courant de perméaticn (1l'hydrogéne est pro-
duit cathodiquement & la face Q'entrée). Elle a l'avantage d'8tre raw
pide et de mesurer en continu le flux d'hydrogéne ayant diffusé, per-
mettant ainsi d'chserver }'évolution de ce phénoméne avec la pres-
sion, '

Btautre part, seul un essal de courte durde peut &tre envigagé du
fait de l'impossibilité de renouveler les &lectrolytes dans un cais-
son hyperbar. ’

-

Descrintion

La cellule en polymétamcrylate est constitude de deux comparti-
ments que sépare 1'échantillon métallique (figure 3}. Chaque compar-
timent-est équipé ' .. R '

. d'une mefbrane souple assurant la mise en équipression

. d'une électrode de référence du type Ag/AgCl et d'une électrode au-
xiliaire £d4 {celie-ci utilisfe en tant qu'anode éviite la production
d'oxygdne dans la solution (2}.)

Le compartiment cathodigue estmfelié a4 une pompe élecirique immer-
geable qui permet de renouveler en circuit fermé 1'électroiyte 3 la
surface de l'échantillion.

Li&chantiilon d’un diamdtre de 28 mm est disposé de telle manidre
que 1la surface non utilisée et le contact électrigue scient protégés
par de 1'huile non conductrice dans un comparitiment permettant de
supporter les varigtions de pression. La surface uiile de 1'échantii-
lon est de 2,84 cm . :

La mise en pression est assurdée par un caisson métallique de 1285
litres de capacité utile. La pression est réglable de O & 1000 bar,
_ la température en est régulée. Des connecteurs &iectriques permet-

tent d'assurer le contrdle de 1'expérimentation.
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Figure % Cellule de permeoiisn.leizzcumyariimenta
anodique et cathodique; 3: echantillon;
det3: electrode Ag/Agl] ot PdH; Geti:
rembrone d'equipression;?*orifice de
remplissage et d'agitation

Des adaptateurs basse impédance placés dans le: calsson hyperbar
assurent la liaison des électrodes de référence.
Afin d'accroitre l'isolation de la cellule, celle-ci est placée dans
une enceinte remplie d'eau distillée {flgure 4%. :

Le circuit de controle et de mesure est constitué d4° un générateur
de courant continu {chargement), d'un potentibstat {détection) et
d'un systéme d'acquisition automatique .de données piloié par un mi-
cro-ordindteur, )

pc.oagnc'ileoiriqula'

" 7 e du rese

% ':k saisson polyu{‘.acryloh
? j./ cellule du pcrnaﬁim
% 1

? il 72 wav distillen

Z) ;ﬁ d'agitation

4 . ,_?/ P"w ﬁs

sy, 44_43

Figum 4 Disponitif mp«!w&ai
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Les échantillons (sous la forme de disgue de 28 mm de diamdtre et
1 ou 1,% mm d'épaisseur) sont polis & la pBte diamant {2,5im) et suw
bissent un traitement thermique.jrecuit sous vide a BO0°C pendant
1 heure et refroidissement dans le four). L'indice des grains obte-
nus est de Ltordre de 7 (NFAD4-102}. Les échantillons de 4?@@& sont

quant & eux uniquement polis a -la pAte diamant {2,§pm}‘ -

~ Chague échantillon regoit sur une de ses faces un revétement de
palladium déposé par électrolyse dans une solution de PdClg, afin
d'éviter 1'oxydation du fer par la polarisation anodique.

Avant mise de l'échantillon dans la cellule, celui-ci est dégrais-
sé dans de 1tacétone pur, décapé dans une solution de méthanol, HCI
{2%) pendant 1 minute, rincé au méthancl pur, décapé dans du métha-
nol A4 2% d‘HQS(}d pendant 3 minutes, ;incé at séché.

Dans le ébméartiﬁent_?étéction 1*électrolygﬁgest constitué d'une
solution de 0,1 mele dm.” NaOH et ©,01 wole dm ~ NaCl. L'addition de
NaCl a pour but de maintenir constant le potentiel de l'électrode de
référence Ag/AglCl. S : :

La solution cathodique utilisée a €té principalement une soelution de

0,1 N H,S0, + 0,000 N.HCL. .

" Les solutions sont préparées 24 heures & 1l'avance. ELles sont pré-
électrolysées et un barbotage d'argon est affectué pendant une dou-
“zaine d'heures pour éviter la présence d'oxygéne.

" La cellule dégraissée, 1l'échantillen est monté {cdté palladié
dans le dompartiment détection). Avant remplissage, un flux d4'argon
- est maintenuy dans les différentes parties de la cellule. Le comparti-
ment ancdique est ‘dabord rempli. L’&échantillon est polarisé & un po-
tentiel "de 1'ordre de -50 mV/ECS et le compartiment cathodique est
rempli quand ie:courant-mesuré dans le cog?artiment détection s'est
stabilisd 2 une valeur inférieure au jiA/cm .

La cellule est alors introduite dans le caisson hyperbar, les cir-
cuits électriques sous Eens%on.

‘Exploitation des donndes

L'exploitation dgg_ﬁonﬁées s’appuie_sur'la théorie de la diffu-
sion largement publide dans la littérature.

L'hydrogéne est supposé diffusér & travers le fer sous forme ato-
mique sous l'effet d'un gradient de concentration. Pour un échantili-
lon d'épaisseur L. 1a concentration en hydrogéne a la face d'entrée
est Co, sur la face de sortie, la concentration CL est dgale & zéro.

La résolution des égquations de Fick permet de connaitre la concen-
tration en hydrogéne dans }'échantillon A différents temps et & dif-
férentes abscisses o ' o '
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beux formules donnant le rapport Jt/Jewo sont disponibles (Jt flux
de perméation & 1’instant t, Jo flux de perméation & 1’état station~
naire, D coefficient de diffusion).

- r 2
RPN AR AN p[(%]

Cette formule est obtenue par la méthode des transformées de Lapla-
ce, En ne gardant gque le premier terrf?, et en l'exprimant en fong-
tion du nombre sans dimension €= Dt/L” 1'équation devient :

frastin

’ 2
Jt/deo = BF exp -

Cette sclution n'étant valable que dans le domaine ol & est compris
entre 0 et ¢,4, o .

L]
2 {obtenue par la
_.th\}w =1+ 2 Z*(COS ntt exp -n <"'1%::;.\"-'-_thode de

p A Fourier)
£n ne gardant que le premier terme, 1l'équation devient

Jt/e =1 - 2 exp (~71°C)

et donne une bonne résolution pour 0,14<¥< 1.

Par l'expérimentation, la courbe donnant Jt/dew = £(t) est obtenue.

Par les formules mathématiques, une correspondance entre Jt/J et
est &tablie, et il est possible en des points donnés de calculer le
coefficient de diffusion D en connaissant l'épaisseur de 1'échantil-
lon par exemple pour des valeurs de Jt/Je de 0,83 ou 0,83 {valeurs
couramment utilisées). ' -

Ltemploi d'un systéme d'acquisition de données permet de réaliser
ces calculs pour un grand nombre de points et d’étabzﬁr le tracé de

= £{t} qui est théoriquement une droite de pente B/L". L'allure du
tracé fournit une premiére information sur la gualité de la perméa.
tion. Un calcul du coefficient de diffusion est obtenu par régres-
sion au premier degré de 1a courbe T = f{t} {figure 8). :

RESULTATS EXPERIMENTAUX |

Far ARMCO en solution sulfurique

~ Effet de l'agitation de la solution 3 pression atmosphérique
Des courbes de perméation ont été tracées avec et sans i'agitation
de la solution du compartiment de chargement,

{0,1N 82804 + 0,00 N HCL / 20%31°C / iK imA/en” /e = 1 mm)
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Acier faiblement allié : effet de la pression hydrostatique

i,'épaisseur des disques d'acier faiblement allié 42CD4 est dienvi-

“ron 0,7 mm. (es essais ont été réalisés en milieulsulfuriqugwiﬂ,l K
CH.S0, + 0,01 N HC1). <

C8pendant, en raison du comportement de llacier testé dans {3 solu-
tion cathodique {pigquration rapide et profondej, il n'a pas été pos-
sible de déterminer i'effet de la pression hydrostatique sur le flux

résiduel de perméation. {potentiel libre)

Entre O et 50 bar, une augmentation sénsible du courant est notée
{20% environ}, auxdeld de S0 bar 1'augmenitation du flux est moins im-
portante {4 ua/cm” entre 100 et 600 bar) {(figure 7}.

La valeur mesurée du coefficient de diffusion dans nas_gond&tiggs
dessalis est faible pour le 42CD4, soit de llordre de 10 cH .8,
ce qui nécessite pour atteindre un état permanent une périocde d°l
heure 20 minutes {pour un échantillon de 0,7 mm d'épaisseur} apris
chague montée en pression.

La courbe obtenue ne doit pas 8tre considérée réalisée & 1'état
stationnaire {attente de 20 minutes & chague palier}. Des essals de
plus longue durée auraisent pour conséquence de modifier la composiw

‘tion de la solution.

Aprés mise au point, le. dispositif expérimental permet d'obtenir
des courbes de perméation en milieu aqueux sous des pressions hydrow-
statiques allant jusqu’d. 800 bar. L'acituel dispositif est limité
dans ses. performances pour des essals-de longue durde, vu liimpossi-
bilité de renouveler les é&lectrolytes sous pression. Dans ces condi-
tions, le fer Armco possédant un coefficient de diffusion plus impor-
tant que le 42CD4 se préte mieux & de telles études, aussi les prin-
cipaux résultats concernent donc le fer Armco.

i B : + . . :

. 1’agitation de. ia soclution de chargement a effectivement pour ef-
fet d'abaisser le.flux de perméation {2}. La remise en sclution de
1'hydrogéne produilt sur 1féchantillion maintient plus homogéne la cone
centration. en hydrogéne.

En l'absence d'agitation, le flux & 1'état stationnaire ne ss stabie
lise pas dans le temps. .

Le coefficient da.diffugéon %e 1'hydrogéne mesuré dans le fer Arme
co est de l'ordre de 6.10 _gm /s (19ﬁ5va gurs fournies dans la bi-
bliographie varient entre 10 et 8 10 cm /s pour le fer & tempé—
rature ambiante} &t n'est pas affecté par la pression hydrostatique
les pressions.utilisfes ne modifiant pas le réseau cristalliin dans

le domaine élastique.

. Dans nos expérimentations, le flux d'hydrogéne est affecté par la

" pression hydrostatique, ce qui correspondrait A une augmentation de

ia pression partielle {2}.
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Liagitation a pour effet d'abaisser les flux de perméation de 1l'or-
dre de 10 & 15%. (figure &)

- Effet de la pression hydrostatique !

Des courbes de perméation ont &té tracées a différentes pressions
par palier de 200 bar sur des échantillons différents et.dans des
conditions de chargement identigues aux précédentes avec une agita-
tion permanente de la solution.

Une certaine digpersion a &ié observée sur la valeur des coefgéw -
cignts de perméation. La valeur moyenne est de l'ordre de 6 10 7 om
sr_ et ne varie pas de maniére itrés Sensi?le avec la pression. La vaw-
leur de la surtension imposée A 1 mAfcm , de ll'ordre de 130 mV,
ntest pas affectée par la pression.

Liétude de 1'évolution du courant de perméation résiduel en 1'ab-
sence e polarisation {potentiel de corrosion) a été effectuée avec
une. montée en pression par palier de 350 bar (figure 7).

Entre O et 50 bar 1'effet de la pression hydrostatigue est trés
margué, soit une augmentation de 15% du courant résiduel de perméa-
tion. Au-deld de 50 bar, l'augmentation du courant résidgel va &n
s'accentuant avec l'augmentation de la pression H3)4A/cm de 100 &
800 har). .La descente en pression a pour effet de diminuer le cou~
rant résiduel de perméation. Celui-¢i reste cependant plus élevé
qu'gd la montée, Ce gui peut s'expliquer par une augmentation de la
pression partielle 4'H_, dans la solution compte tenu de la durée de
l'essai et & une modification de l'état de surface de ltéchantillon.

" Courant (microA/ome)

Pression (bar)

Figure 71Effet de la pression sur les cou
rants de permeation. l: fer Armco, ]
residusl, moritee an pression: 2t fer
Armeo, ] residuel, descente; 3s acier

42C04, ) infinie, monteae.
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La réaction d!'évolution de 1'hydrogéne cathodigue dans une solu-
tion d*H.SO. & O, N suit un mécanisme de décharge-désorption chimi-
que couplé, pour un taux de recouvrement d'hydrogéne absorbé faible
@,«0,1) {2).

Mo+ B 4+ ™ Lent, Mo~ - - {1}
et MoH + M-H ‘;"*ﬁw’:i’% oMo H, (2)
. 2\!

En sachant gqu'un accroissement de la pression partielle d'hydrogine
implique un accroissement du taux de recouvrement :

(J = K@, et 2J/2pH,> © —439/3% > 0},

et que 1a pression hydrogtatique ne peut avoir d'effet sur ta ré-
action de décharge, Bilundy et Shreir avancent que la pr3351on ‘doit
avoir une répercussion sur les constantes k, et k _, de ia réaction
de désorption chimique. Cela se traduirait par uné “diminution’ de k
et un accroissement de sz, donc un accrolissement du taux_de rECou-
vrement@ S

f.a courbe ﬁonnant le flux résiduel en fonction de la pressxon
ntest pas la m@me que celle obtenue par Nanis et Deluccxa, cec: peut
stexpliquer par un effet de ltagitation,

Lleffet observé entre 0 et 50 bar demande & 8tre confzrme car ¢ce-~
ia peut stavérer 1mportant pour des applicatlons pratzques.

CONCLUSION .
Le dispositif mis en oceuvre a permis de qualifier 1'effet de la

pression Hydrostatique sur la perméation de l'hydrogéne dans 1l'acier

en milieux aqueux : ’ o

- Le cgeffﬁclegt de diffusion de 1'hydrogéne dans le fer Armco
{6 10 } ntest pas modifié par la pression hydrostatique.

- L'agitation de 1a solution de chargement a pour effet 'de diminuer
le flux de perméation et de le stabiliser.

- Le flux de perméation est affecté par la pression ! 53/ dp est
positif. La réaction d'évolution de 1l'hydrogéne dans un élecgrolyte
acide étant celle d'une décharge-désorption couplé, ces résultats
sont expliqués par une augmentation de l'adsorption, donc un accrois-
sement du taux de recouvrement en fonction de la pression hydrostati-
que.

Fn conclusiof, au vu des résultats obtenus, les essais réalisés
au cours de cette étude laissent présager un risque accru de fragili-
sation par 1'hydrogéne des aciers & hautes résistances mécanigues
utilisés par grande profondeur.
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‘Ces risgues seont aggravés ‘par 1'absence d’agztatlon du milieu as-
sociés 4 la protection cathodique. A
/.—-‘i\)'

Le dispositif expérimgntal &tudié-et mis au point & 1'occasion de

cette étude nous permei d¢ qualifier ie comportement d'alliage métal-

ligque en milieu aqueux, sous chargement électrolyticue et sous presge

‘sion hydrostatique  jusgu'd 800 bar. Nous avons réalisé ainsi des es~
- sais sur du fer Armco et acier & haute résistance mécanique 42¢D4 en
© milieu sulfuré.
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UNE NOUVELLE COMPOSITION INHIBITRICE A BASE
DE GLUCONATE DE ZINC POUR LUTTER CONTRE
LA CORROSION MARINE '

J.C. LUMARET
~ ROQUETTE FRERES ~ '
62136 LESTREM - FRANCE

- Réeumé

"LYintérét porté 4 ilesu de mer, nouvelle source dfeay
utilisable comme fluide de transfert d'énergie ou encore dans
certaines opérations de forage pétrolier fait qu'il devient
important de trouver une composition gui permette de prévenir
de maniére efficace la corrosion des métaux tels que lYacier
ay contact de ces solutions. . : -

On a étudié par perte de masse et par des techniques

&lectrochimiques, le caractdre inhibiteur de corrosion vis~a-vig

de i¥acier d'une combinaison de gluconate de zine et d'hexaméra~
phosphate de sodium dans différents milieux : eau de mer
synthétique aérée, eau chlore aérée, eau de mer synthétique
poliuge par différentes bactéries sulfato-ré@ductrices.

i

i

" Abstract

The interest in sea water as z new water source usable
as energy transfer fluid or in some o0il drilling processes is so

- that it becomes importaat te find a composition to prevent

efficiently the corvesion of metals such as steel in contact
with these sclutions.

By measuring weight loss and using electrochemical
techniques, we have studied the corrosion inhibiting power on
steel with a composition consisting of zinc gluconate and
sedium hexametaphosphate in different media such as ! aerated
syathetic sea water, aerated chlerinated water, synthetic
sea water poliuted by different sulfate reducing bacteria.
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1 - HISTORIQUE

Depuis 1933, ROQUETTE FRERES est devenu 1%un des plus
importants producteurs d'amylacég: Ayant débuté par la fécule
de pomme de terre, ROQUETTE FRERES 2 su au fil des’ années diversi-
fier ses productions : 1946 - le mals, 1956 - 1famidon de blé.

Aujourd*hui, ses laboratoires de recherche, ses filiales
disposant d'unités de prcduction-{italie, Espagne, Etats-Unis) ou
de forces de vente (R.F.A, Grande-Bretagne, Etats-Unis), ses
quatre usinesfrangaises, fruits dtune politique d*investissements
font de ROQUETTE FRERES la 1032me entreprise industrielle frangai-
¢e. Par ses activitds exportatrices, ROQUETIE FRERES sfest
classée en 1982, au 59&me rang des entreprises frangaises et
au 28me rang des industries parachimiques. Il est en outye le
premier producteur mondial de sorbitol (1).

ctest dans le cadre de nos travaux de développement

que nous noOus somnes intdressés aux traitements de surfaces et
tout particulidrement i la wmise au point d'une nouvelle composition’
inhibitrrice pour la’ corrosion marine. - :

.. Cette nouvelle orientarion pour ROQUETTE FRERES a gtsd
motivée par la publication en 1976, d¥un article r&digé par le
. Professeur MOR faisant état de 1futilisation comme ishibiteur
de corrosion pour les milieux salins du gluconate de zinc, {2)
produit fabriqué a partir du mals ¢ :

-
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Nos propres travaux ont 6té basés sur 1%élaboration dtune
composition 3 hase de gluconate de zinc pouvant &tre indifféremment
employée dans @

1} upt milieu aérobie
2} un milieu anadrobie

Clest le dérail de cette étude que mous nous proposons de présenter.

11 - -MILIEU AEROBIE

La détermination de l'efficacité de la compositioun en
‘question, en tant qufinhibiteur de corrosion vis-i-vis de 1facier
pour le milieu considéré résulte en fait de deux sous-études :
~« d¥une part, la recherche par simpie mesure de pertes
de poids dans une eau de mer synthétique aérée, des
conditions optimales d'utilisation de la dite composi-
tion,
- dtautre part, dans les conditionms défznles précédemment,
ia detarmlnatlou de la nature de l'znhxbltlou dans
utie eau chlorée aérée,

1i~1 Eau_de mer synthétique aérée

L¥invérée portd & i%eau de mer, nouveile source d'eau
utilisable comme fluide de transfert d¥énergie, par exemple dans
des ingtallations de refroidissement notamment en circuit fermé,
fait qu'il devient important aujourd’hui de trouver une composition
qui permette de prévenir de maniére efficace, la corrosion des
métaux tels que lYacier au contact de ces solutions.

§i 1'zau de mer est déjd extrémement corresive de par le
haut degré de dissociation des sels gqui la composent et sa grande
conductivité, eile le sera d'autant plus en présence d'oxygéne
dissous.

11 & déji été proposé de réduire 1a corrosion par
1%addition, & l%eau de mer su contact de substrats métalliques, des
substances minéraies telles que les polyphosphates, les chromates...
Or, 1'utilisarion de ces sels présente de sérieux inconvénients.

En effet, les polyphosphates se reconvertissent sous
itaction d'une chaleur modérée en ortheophosphates gui peuvent réagir
avec les sels de 1Teau pour favoriser la formation de boues. Il
e2n résulte une diminution tr#s nette du rendement de la transmission
de chaleur et éventuvellement upe accélération de la corrosion.

Par ailleurs, la présence de polyphosphates doane lieu
au phénoméne bien connu dYeutrophisation des eaux.

"Les chromates qui sont des inhibiteurs de corresion trés
efficaces, ont 1'inconvénient d'&re trés toxiques ; ifeau contenant
des chromates ne peut &tre évacude sans avoir subx un traltem&nt
d%6puration préalable souvent onéreux.

“
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De plus, il a 8té constaté que damns certaines
circonstances, les chromates pauvent accélérer la corrosion, potam~
ment par le phénoméne dit " devpiqiire ", lorsqulils somt presents
3 de faibles concentrations. Eee%e corrosion par pigiires peut 8tre
rrés sévére et peut entrainer une perforation du substrat métallique.

On a également proposé 1tutilisation, comme inhibiteur
de la corrosion, des gluccnates de métaux alcalins ou alcalino-
terreux ou encore d'ammonium, le gluconate de sodium &tant le sel
le plus souvent retenu. Le pouvoir inhibiteur du gluconate de
sodium utilisé seul ayant néanmoins &té jugé insuffisant, il a
été gouvent proposé en combinaison avec des " agents V' dits
synergxques, choisis parmi les acides organzques, les acides
aromatiques, les 3111cates, les phosphates, les tannins, le
et le sulfare de zinc {3 = 4 = 5}, :

Nous avons constaté au cours des nombreux esssls que
nous avons effectuds pour comparer le comportement de ces
différentes compositions inhibitrices connues, que ni le systéme
" giuconate de sodium - polyphosphate =~ sulfate de zimc ", ni le
" gluconate de zinc seul " ne permettaient d*obtenir une inhibition
parfazte de 1a corrosaan gt que bien au contraire, elles conduisalient
dans certains cas, aprés une inhibition temporaire de la corrosion
i une accdlération de celle-ci. De plus, nous avons trouvé que
ia corrosion des substrats métailxques par 1l'eau de mer pouvait
Stre inhibde avec une afficacitd - inconnue jusqualors en ayant
recours' i un mélange de @ : :

" GLUCON&?E de ZINC et HEXAMETAPHOSPHATE de SODIUM *
noté (GZ - HMPP)

Cette comp051t1on a fait lfobjet dfun depot de’
demande de brevet le 31 aofit 1981 au nom de ROQUETTE FRERES,

‘publiée sous Ze numéro 2.512.07% (B).

II-1.1 - Queldques exemples

La méthode d'expérimentation utilisée consiste 5 mesurer
et 3 comparer les pertes de métal anreglstrees pour des &chantillons
métalliques xdentxqu&s ‘dont 1¥un joue le rdle d'dchantillon témoin
et est placé dans l%eau de mer synthétique saturée en oxygéne
dzssous,{l‘autra jouant le rdle d'8chantillon d*essais place dans
la mBme eau dans laguelle on a introduit les compositions & tester.

Ces &chantillons metallzques sont en acier £ 24-1

o, 22 TC~0,0/52°P~ 0,062 %5},

Avant l‘experlmentatzon, ces Gchantillons sont polis,
dégraissés chlquuement, décapés dans une solution dfacide
chlorhydrique et rincés. Ils sont ensuite séchés et pesés.

Les pertes de masse enregzstrées pour chacun des essais
ont &té copverties en vitesse de corrosion exprimée en/,fan. La
duréde de 1‘expér1mentatxon,a 8té de 30 jours.

‘Liensemble des résultats obtenus est donnd ciwaprés
sous forme de courbes :
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Au regard des performances obtepues avec les com@esitions
conformes 3 l'art antérieur, la combinaison GZ - HMPP sfest
‘avérée nettement plus eff1cace, d*autant que 1'observation des
sclutions dtessais pous a permis de constater qutaprés 30 jours
de tests aucun trouble n'dtait apparu.
' A l%inverse, les circuits ol seul 1*hexamétaphosphate
drait present, contenaient une quantité importante de boues qui
avaient tegdance & précipiter et de ce fazt i obturer les
installations, .

La concentration prefe:ée de cette composition est de
1tordre de 450 a 500 ppm pour un mdlange 54/50. -

11«2 ~ Eau bhlorée aérée

En collaboration avec le Docteur HOCH du Laboratoire de
Corrosion de 1%Ecole Nationale Supérieure des Techniques
Industrielles et des Mines de Douai, nous avons déterminé la
natyre de 1'inhibition obtenue avec le mélange gluconate de zinc -
hexamétaphosphate de sodium a l'aide de mesures de valeurs des
constantes de TAFEL {(cathodique CIC et anodique ATC). Elles ont
été couplées d des mesures de la résistance de 1la polarisation”
dont la valeur est directement convertible en vitesse de corrosiom
répgulidre an fonction du temps (7 jours, 14 jours, 3 semaines,

1 mois).

Compté tenu des fravaux precedammant exposés, nous avons
examiné afin de vérifier les proportions optimales, trois
niveaux du rapport GZ / UMPP et trois niveaux de la concentration

PP

{ RAPPORT GZ / BEMPP? (%) 40 / 80 ¢ 50 F 50 ¢ 80 / 40

( CONCENTRATION (ppm) 450 350

300
{ .

L L Y R AT
T O T Y
L T L Y

L L]

$i nous avons cholsi comme milieu d%essai une eau
adoucie contepant 1 000 ppm d'ions chiorures, ctest que nous
pengions gue 1l%eau de mer &tant trds agressive, cela pouvailt
risquer de ™ masquer ¥ 1%influence de 1Viphibiteur surtout au
d8but du contact métal/eau A cause des interfé@rences dans la
décomposition concurrentielle inhibiteur - ions. Les selutions
d'essais ont été aérées par barbottage d'air, waintenues 2 40°C et
leur pH stabilisé respectivement 3 une valeur égale de 4 et 7.

Quant aux Schantillons métalliques, tous les essais oot
8ré effectuds sur de l%acier A-42 recuit dont 1la cowposition
chimique est donnée ci—apriés.

p
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(Analyse effectuBe par spectrophotométrie 34 1'aide
d*une lampe 3 décharge luminescente)

( . )
( ELEMENT (% en poids) )]
o ; - )
{ C 1 Mn : S5i : g § s Ce : Al )
{ : — 3 P $ -3 }
( 0,07 : 0,28 : 0,03 : 0,017 : 0,023 : 0,045 : 0,04 )
{ 5 : : : : 4 )

ta face ea contact avec 1e milieu d%essal avait une
surface de 16,25 cm2 et a &té préalablement polie sur papiers
abrasifs iusqufaux grains 600 (mesh/inch2), lavée, dégraissée
i 1'alcool pur et séchée. :

1i-2.1 - Les mesures

Ces mesures ont 8té effectudes 3 1%aide d'un potentiostat
de type BG x G, wodéle 350 (Princeton Research). Le branchement
était 3 3 électrodes. Les potentiels impos€s sur 1'@chantillen
ont &té mesurés par rapport i une &lectrode de ré&férence au
sulfate mercureux saturé (ﬂg2 Soas). Ces potentiels imposés

8taient en pratique mesurds au centre de lY8chantillon immergé
3 1%aide d'un capillaire de HARER-LUGGINS rempli d%une solutionm
de sulfate de potassium saturée. Les &lectrodes auxiliaires
éraient en graphite, :

4 a) pour le temps d'immersion t = 0

FONCTION L = fik) " (COMPLETE ®
(" POTENTICDYNAMIC scaN ') Les fonctions i = £(E}
!Wifmf schématisacion USA " complate

(" Potentiodynamic Scan ')
identiques & celles
présentées ci-contre ong
6té tracdes en aller et
retour pour le domaine du
potentiel compris entre le
potentiel initial,

B, {~0,250mV/E Or) et le
pStentiel fina

Eg (+ 1,5 V/ED .

Eoapeten

oG+ ik L7
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Ces fonctions ont permis de relever les valeurs :

. du potentiel de corrosion E.op

4

%0F ¢ crc - BOE

. 4es droites de TAFEL, {ATC * =T T
_ ' . : ATC . CTC '
- du courant de corrosion, i . 7,3 (ATC + CI0) % (N

. de 'la résistance de polarisation, Rp f

o

. du'potentigz de rupture, E,

Ly

. des potentiels de pidiires, Ep et de repassivation, ERP

. d'hysterésis {(sensibilitd du métal vis—3-vis d'une corrosion
iocalisée :

o retour g . aller
Teor cor
ou gncofe
[Ef i (£)
E . ANLALL
cor
-
E . :
sz L, N.RET (E)
cor
avec :

o, P i coefficient de tranmsfert

n .t nombre d'électron participant 3 la rdaction
¥ 3 nombre de Faraday

T : température absolue (°K)

R : constante universelle des gaz

T ou i : intensité du courant anodique aller ou retour

LAN ALL AN RET °

b)'?our les dﬁrées d%immersion de 1,2,3 et 4 semaiunes
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soncrion 1 = #(E} (“rasg suor )
g SCHENATISATION ySA 7 :
VW) K

Les fonctions i = £(E)
tracées dans le domaine
des potentiels compris
entre -0,250 V/Eco et

_REACT 1O ANDDIOUE

r
Ccomn—d. .. +0,250 V/E_
% ont permis de relevex
'
_ gg les valgurs de Eeor’
'§§ : ATC, CTC, 1 . et Rp.
h _ {programme "TAFEL PLOT "y
icom (061 NALGREY '

I1-2,2 ~ Traitement des résultats

11 ressort de cette &tude que toutes les cogbinaisons
de concentrations totales (450, 300 et 550 ppm) et de rapports
GZ/HMPP (40760, 50/50, 60/40) ont manifesté dans ies solutions
aqueuses. contenant 1 000 ppm de chlorures, aux paramétres examinés
(pH 5 et 7 — température 40°C) une efficacité dtiphibition de la
corrosion de ifacier.

togw (M W bt

il
H

'.(”. -‘i;h\ |-:-u:"r.!.;\ﬂ1
I1 semble que le micanisme de
PRI v 4% . sy m o a . -
X8 g e e e cette imhibition soit basé
Tl o T ity e sut le blocage A la fois des
T T sites ancdiques {corresion)
B P iaveve et des sites cathodiques
Croess it gy {dépelarisation}.
o lomirg 4 v i3 . Ed d'autres termes, les
Hrsmel it ) inhibiteurs examinés réduisent
Y ' . . les courants d'&change relatifs
: L _ i*la réaction de dissolution
ae b ; ' " et 3 la rdaction de dépolarisa-
_ " tion. Il est donc bien possible
2 qu'une partie des iphibiteurs
réagisse par adsorption & la
L surface et 1%autre par réductiom
du corps dépolarisant, qui en
- principe, dans ces solutions
w}_T“ ? serait 1%oxygéne dissous.

&t

3.7 b L
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. A quelques exceptions prés, aucune corrosion par pigiires
né s'est manifestée dans les solutions avec les inhibiteurs.

‘Les exceptidns o R'<'1 ne peuvent pas &tre prises en considération
cat dans auéun des cas étudigs, les fonctions i = £(E) ne prennent
1a forﬁe'dfh§steresis positive. Ces exceptions résultent du fait
que le potentiel de corrosion mesuré lors du tracéd " retour " est
inférieur d celyi déterming lors du tracé ™ aller ™. Ce phénoméne
n*a gucune relation avec la corrosion par piqiires. o

- ‘\}\‘”/!
comcgmrRATION © . . . pH § ek 7 {
roIMe Rl Dot el ¢ Taw mer ® T AL Fam rer % g
w0 15050 (2036l e 108 : Las  f1ss 100 0581108 2.3 ;

Do G LOTS IO 0519100 f 207 (132107 2,088 100 .05
(7'?"-."““'""3 “““““““ 3"';"'"“’"'7'5 """""""" : ''''' TEmmEIs e s ' """"""""""

c09010? Do’ 2.0

. Tandis que les surfacee des échantillons 4%acier
qui ont &té immergés dans les solutions & 1 000 ppm de chlorures
C17, se sont couvertes de produits de corrosion typigues de ces
milieux {du type magnétite hydratée, Fe GA,;x-Hzo, d'une couleur
brun noirdtre), dans un laps de temps dé 2 3 3 jours, ces mEmes

surfaces ont conservé l%aspect métallique peu terni lors de
- toute la durée de.l'immersion (28 jours) dans les solutions

avec inhibiteur. Ces surfaces d'acier selom les observations
approfondies ont été recouvertes iors de l'immersion par des

_ couches minces -de produits plus ou moins visqueux qui fournissent

aprés séchage 3 1air des couches gris jaunftre.

Ceci peut expliquer que les effets des inhibiteurs

" commencent A se ‘manifester pratiquement dés le début de 1%immersion

mais qu'ils sont davartage prononcés 3 partir de 5 3 7 jours.
La durée de ces effets inhibiteurs dépasse dans les conditions
étudifes la durée maximale des essais, clestwa~dire guatre
semaines. : .
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I1L - MILIEV AN&EROBIE

b

11 stest 331 pius partlcullérement d‘etudxer ie
comportement des compositioms johibitrices en question face aux
phenoménes de corrosion bactérienne. renconttés notamment dans
certaines opara:zcns de fo:age petroi;er comne le transfert en .
of€ shore (8).

_ Une des classes de bactéries {é plus gouvent rencontrées
dans ces milieux sont les bactéries suifaforéductrices (9 - 10},
Das 1923, Von Wolzojen Kihr décrivait le rSle important
- joué par ces bactéries. Autant que 1%on puisse savoir, ces
bactéries ne font partie gue d'un seul groupe de Spirillacées
dont le représentant est Desulfovibric desulfuricans.

Etant anadrobies strictes, on les trouvera soit sous les
couches de rouille au contact du métal, soit au contact de
substances métalliques zmmergées dans. des solutions non oxygénées.

) le type de corrosion qu talles géndrent, se caractérise
par I‘apparltzon de trous dans le fer ou tlacier. Au début du
processus, les bactéries sulfatereductrxces enlévent le film

. d¥hydrogéne qui recouvre normalement tout métal immergé et qui
empéche sa dissolutien.

. L& processus se poursuxt alors avec la formation de
sulfure, composé corrosif,.issu de 1a transformation due i ces
bactéries des sulfates en hydzmgenowsulfure qul se combine
avec les sels ferreux pour donner naissance & ces dits sulfures.

I11~1 — Princive des essais

Afin de szmuler ces phénoménes de corrosion bactérienne,
nous avons opéré dé 1a fagon suivante.

Dans des flacons remplis dteau de mer synthethue, on a
introduit ume plaque métallique dfacier E 24-1(3 x 10 om)
préalabletent dégraissées, decapees, géchées 2 ttacétone puis
pegées.

Chacune des solutions a &té ensemencée avec un cocktail
de bactéries anadrobies récoltées au niveau d'un 'forage pétrolier
en milieu marin, et adjuvant@es de différentes. compositions du
mélange GZ [/ HMPP :

75 H i 000

- f : . . 3
©{ 'RAPPORT GZ / BMPP CONCENTRATION : REFERENCES 3
et X : 3
o ( - : Témoin O T }
{ 0 -~ o H 500 i ¥

{ 75 - 25 : 500 : 2 )

{ 50 - 50 : C 500 : 3 }

{ 25 - 1% 1 3GC : 4 3

{ 75 - 2% H 00 5 }
- 30 - 50 H 1 000 & }
{ 25 - 7 ¥

{ )
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-Ces solutions ont ensuite &té stochées i 1'obscuritéd
3 30°C. Elles ne seront pas oxygénées tout au long de ltessai,

11I-2 — Exploitation des résultats

Apris un mois de culture, une mesure de la perte de
poids des echantlllcns métalliques a été effectude.

REFERENCES : PERTE de POIDS
: (%)

0,381

0,103
: G,066
: 8,084
: 0,087
&,085
0,156
0,117

;‘“\_f"’\f‘\f-\ﬂ"‘\mﬁf‘\ﬁ\ﬂ\ﬁﬁf\
~E D AR P B — e

TR T

St St St T S s Vit S ot et it S )

Au regard de ces résultats,
on constate que dans les cas
étudiés, la composition
GZ/HMPP a présent® un
caractére iphibiteur de la
corrosion bactérienne, le
mellleur résultat ayant &ré

. obtenu avec 500 ppm du

mélange 75 GZ ~ 25 HMPP.

© Aucune trace de corrosion

par perforation nta &té
décelfe 4 la surface des
échantillons d'acier.

Ltobservation visuelle des sclutions dl'essais a montré que les .
milieux &taient restés parfaitement transiucides & 1lexception du

témoin,

¢ IiI-2.1 — Remargue

-

" Un essai similaire 3 celui précédemment exposé a &té
. réalisé, mais en introduisant dans le milieu d'essai de
1*hydrogéno-sulfure, Les résultats en sont aprés 33 jours :

I EFFICACITE

---------------------------------------------

EAU DE MER NON  ©  EAU DE MER *
OXYGENEE + H BﬁC?E&iES ANAERGBIES
| BACTERIES ANAEROBIES | Hys

COMPOSITION CONCENTRATION
PP
6L ity
HMPP ' 200
GZ-HiPP

{0 20
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I§I-2.2 - Exude dy caractére hgs&ézmﬁkéﬁ des_composirions

- _-mm-w e e A Y -, YR S . o T

i hasge de giuconate de zinc en milieu anaérohie

A défsut de matériel adapté 3 la fermentation anaérobie,

les numérations sur gélose se sont révélées dlffzézles et afont

pas donné

" de mesure
'm;crobzolo

de résuyltats reproductzbles*. '

.Maig disposant dans nos laboratoires d'un appareil
'd*ATP. (adenosine trxphosphste). 1a contamination
gzque a été évaluée en guantité d{&??.

 -a) Methoée

*.?réparatxon d‘une gatrme d‘etaions d‘&i? standard
avec un tampon glycxne

-+ Extraction de 1%ATP

Tryptone

Extrair de
viande

Dextrose

" Amidon soluble 5
Chlorhydrate de

cystéine

o

- 0,1 ml de la prise d'échantilion + 0,9 ml de DMSO pur
-'{d1mathylsu2fox1d) .
- Agxtatxon .
~ Temps de contact : 2 minutes
- AG,3 ml de la dilution obtenue, on ajoute 2,53 ml de
. tampon MOPS (morpholino~propan sulfonic acxd)
- Agltatxcn
- Temps de contact : 2 minutes
- Aprés extraction, on effectue le dosage :
© 7 100 al de 1fextraction
+ 100 ﬂl de l'enzyme de dosage de 1*ATP - 1ecture
+. 10 ,HI dYAT? standard - lec . .re.

b} Les milieux de crexssance (%

Les milieux cheisis scnt des milieux bacterxologxques
de référence pour 13 culture des anaérobies.

Milieu VL | _' MILIEU SA
10 g fryptone 10 g
5 g pH : non ajusté
2 g ~gsp 1 litre
1

0,4 g
7’4

qep I litre

bactéries

Ces milieux ont &té ensemencés avec les mémes
que précédemment.




R

247

) Les compositions restées

( : )
{ RA?POR?_ : CORCENTRATION : RE?ER£NCE: 3
{ GZ - HMPP : ppm : 3
(= - - et S
{ - T 0 : T }
{ g - 100 500 : i )
¢ 25 - 75 500 : 2 )
( 50 - 53 508 : 3 )
( 75 - 25 500 : & }
( 100 - 0 . 500 : 5 )
( ; | : )
4} Les résulrats _
Ils sont indiqués dans les courbes ci-apris.
! '._
ATF o
PRI
MiLIEG SA ATR I
54 4 B —
j
i
g
= —— + 7 _OuRs / MESLRE g » 7 aoums /
8T % 3§ . Sos s T MESURE
Pans le présent essai, 1} s'avére que Ie.gluconaté de
zine seul est la composition la plus efficace.
Dfune maniére générale, toutes les compositions
contenant du gluconate de zinc peuvent &tre considérées comme
étant des inhibiteurs de bactéries anaérobies. En ce qui concerne

LTHMPP, le

5 résuitars obtenus sont médiccres.
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IV -~ CONCLUSIONS

L'ensemble des travaux que nous venons d'ekposer
permer de conclure que ie gluconate de zinc en asscciation
S .avee . 1‘hexam£taphosphate 4é sodium est une excellente composition
sznhsztrxce de la corrosxon de 1facier au contact de solutions
"U'salxnes et ce, qu'il s'agisse de milieux aérés ou non.
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ELECTROCHEMICAL MEASUREMENTS APPLIED TO THE CORROSION AND PROTECTION
STUDY OF A CARBON STEEL IN 3 % SODIUM CHLORIDE SOLUTION.

- Michel DUPRAT, Francis DABOSI

E.R.A. CNRS 263, Laboratoire de Métallurgie Physigue
E.N.S. CHIMIE 118 Route de Narbonne 31077 TOULOUSE FRANCE

and Francis MORAN

Union Chimique et Industrielle de 1'0uest
24, Bouwlevard de Strasbourg 75010 PARIS FRANCE

ABSTRACT : The electrochemical behavicur of a carbon steel rotating
iS¢ eéTectrode in 3 ¢ NaCl solution has been investigated using both
steady-state (plotting of current-voltage curves% and transient (impe-
dance measurements) electrochemical techniques. The protection by va-
rious inhibitive compounds added to the agressive medium or by appli-
cation of a coating on the metal has beed also studied using the same
techniques. In the absence of any protection mass transport of oxygen
sccurs not only in the Tiguid phase but also through a porous layer
of corresion products and the corrosion rate is controlled by the
reduction of oxygen under either purely diffusional or mixed control
depending on the experimental conditions. Both organic (diamino-1,2-
ethane ; oleylamino-propylene amine + amino-tri {methyl-phosphonic)
acid) and mineral {zinc monofluorophosphate} compounds have been exa-
mined as inhibitors. It has been shown that diamino-1,2-ethane acts .
in mainly reducing the anodic area whereas the two others act in for-
. wing relatively thick and compact protective films. A glycerylphtala-
te type paint has been applied on variously pre-ireated {phosphatation
phosphatation + post-treatment by monofluorophosphates) electrodes.
Impedance measurements have allowed one to follow the evolution, as a
function of the immersion time, of the parameters influencing the
corrosion performance of the different coatings ; the favourable effect:
of the pre-paint surface treatment has been exhibited for long immer-
ston times.

RESUME : L'étude du comportement &lectrochimique dfune &lectrode &, -
disque tournant en acier au carbone a &té menée par des méthodes élec-
chimiquesa 1a fois stationnaires (relevé des courbes courant-tension)
et transitoires {mesure de 1'impadance), ia protection par divers

composés inhibiteurs additionés au milieu agressif ou par application
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d'un revétement sur le métal a &té é&galement étudide & T'aide de ces
mémes techniques. En 1'absence de toute protection, le transport de
1'oxygéne se fait non seulement en phase Tiguide mais aussi & travers
une couche poreuse de produits de corrosion et Ja vitesse de corro-
sion est $6it sous controle purement diffusionnel soit sous controle
mixte selon les conditions expérimentales. Des composés a la fois
organiques (diamino-1.2-ethane, oleylamino-propyléne amine + acide
amino-tri (methyi-phosphonique)) et minéraux {(monoflucrophosphate de
zinc) ont &té €tudidés en tant qu'inhibiteurs. 11 a été montré que le
diamino~-1.2-ethane agissait principalement en réduisant 1'aire anodi-
gue alors que les deux autres formaient des films protecteurs relati-
vement épais et compacts. Une peinture de type glycerophtalique s &té
appliquée sur des Blectrodes différemment pre-traitées {phosphatation,
phosphatation + post-traitement par les monef]aorophesphates) Les
mesures d' 2mpedance nous ont permis de¢ suivre 1'évolution, en fonc-
tion du temps d'immersion, des paramétres influencant la performance
vis & vis de 1a corrosion des différents revétements ; pour des longs
temps d'immersion, 1'effet favorable du traitement de surface avant
peinture a €1é mis en évidence.

INTRODUCTION

in"the literature many stué?es have been devoted to corrosion
and protection in acidic media in ‘order to measure the corrosion rate
or to identify ‘the elementary steps involved in the overall proces-
ses. However re?at1ve1y few studies have been carried out in neutral
aerated media (1} ;_this may be explained by the following features :
i) the cathodic reaction which predominates at the corrosion poten-
tial is no more’the hydrogen evelution reaction the mechanism of
which is re]atzve%y well-known, but in this case the dissolved oxy-
gen reduction reaction the mechanism of which has been studied tho-
roughly on noble metals only {2). 1) such intérfaces generally show
strong t1me’depenéence induced by the progressive deposit of insolu-
bie ccrrosrcn products which makes their study more complex {3,4).
In this gaper are reported’ some exaap?es of the application of both
steady-state {plotting of the current-voltage curves) and transient
{impedance measurements) electrochemical methods to the corrosion
kinetics study of a carbon steel in 3'% sodfum chioride solution
‘S?mulat1ng sea water. The !nfzuence of various inrhibitive compounds
added to the medium as well as the effect of a coating {conversion
treatment + paint) appiication on the' metal surface have been also
exam1neé using the same techniques.,

P ' EXPERIMENTAL

The steel sample selected for the study is the N 80 type accor-
ding to the API standards and has the follewing compcs1taon by per-
cent weight C 0.4 = 1.38 ; P=0.013 ; S=0.024 ; $i = 0.1

= 0.04 = $.03 ; €r m‘G.GQ : Moo= 0,18 ané Fe to 100 The
_warking e%ectrcde consists of the cross section of a cylindrical rod
of 1 ¢m2 area, a thermoretractable sheath preventing the cylindrical
area from making contact with the solution, the electrode surface
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being only the cross section. In order to avoid possible crevice condi-
tions between the metal rod and the sheath induced by the successive
poiishings, the sheath was renewed after each run. The surface is po-
lished with a silicon carbide emery cloth (grade 80), then rinsed
with water, and finally dried in pulsed warm air after an ultrasonic
washing in ethancl. This electrode is screwed into a conducting rota-
ting shaft. The reference electrode is & saturated calomel electrode
{SCE} and the auxiliary electrode is a platinum grid of large area.
Current-volitage curves have beer obtained either in potentiostatic or
galvanostatic mode with a TACUSSEL electrochemical set up including

a potentiostat, a chart recorder and a high impedance electronic mil-
Tivoltmeter. Impedance measurements have been performed by means of

a frequency response analyser (SCHLUMBERGER-SOLARTRON 1174) included
in an experimental set up described in detail elsewhere {5). The cor-
rosive medium is a 3 % solution of NaCl (pro analysis grade) dissol-
ved in distilled water ; it is in contact with air and at ambient
temperature {. 20°C). '

Diamino-1.2-ethane (HpN-(CHp)p~NHz) is a "Pro analysis® grade
(MERCK) product ; zinc monofiuorophosphate {InP04F, 2.5 Ho0) is a
iaboratory synthetized product the use of which as inhibifor has
been patented (6} ; the inhibitor mixture, oleylamino-propylene amine
+ amino tri{methyl phosphonic) acid, consists of current chemical
products and has been also previously patented {7). The paint applied
is a glycerylphtalate type of near constant thickness (40 - 50 u)
whereas the pre-treatment procedures before painting have been pre-
viously described in detail eisewhere (8).

- RESULT AND DISCUSSION

I - N 80'carbon steel/3 % Nall
I1.1. Steady-state measurements _ _
1.1.1. Current-voltage curves : Prior to any experiment, the

electrode s held at™Zerd cufrent ToF a given angular velocity £ (rpm)
of the disk til] the corrosion potential ¥s stabilized. The steady
state occurs rather slowly and the current-potential curves are,
therefore, plotted point by point in a quasi steady-state mode. As

an exampie, two cathodic plots after a hold time at zero current of
3G min and 2 hr are displayed in Fig. 1. A shift of Ecory towards
more cathedic potentials-and a decrease of the diffusfon current with
an increasing hold time at zero current are concurrently ofiserved,
From & detailed analysis of these curves (8), this diffusion plateau
was ascribed to dissolved oxygen, Moreover, the variations of the
Timiting current density with the hold time have Been explained by
hindrance to diffusion due to the progressive deposit of corrosion
products.
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SO0 . . f)

Fi?. 1 - Cathodic current
voitage curves obtained
- in potentiostatic mode at

Q= 1000 rpm. Hold timeat
t : {a) 30 min, {b} 2Ir

corr

It has been verified that for anodic everpotentials, the-cufrent
even at some tens of mA . cm~? is not dependent on the angular veloCi-
ty of the disk {Fig. 2}. :

J1pa.emm?
A560k..
. Fig. 2 - Anodic current-
300CL. vo!%age curve obtained in
galvanostatic mode at
£ = 1000 rpm. Hold time of
ze00l.
- 15004
" 000l *
. * . . . &
5001
' Ermvise E
i £
¢ T -s00 . — 400

" dic reaction may be writtem as

Vg

1.1.2. Cathodic_mass_transport study : The elementary catho-

0, + 2 H,0 + 427 » 4 OH 1]

The variations of the diffusional component vs. Q were measured,
. in potentiostatic regulation, for cathodic and anodic overpotentiais,
and for the corrosion potential. The resuits are reported in Fig. 3.
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Fig. 3 -Diffusion component
ot the current density vs.
S i/e, _
ot cgrres;}onés to 1,=250 uA
cmm¢ at = 1006 r
®: E =914 my/SCE
X : E=Ecorr (9= 1000 rpm).
Actual diffusional components
are obtained by muliiplying
the above vajue by :
4 (O}, 20 (X), 100 {(®).

i ¥ i %

d!t (\I’ﬁ‘n . .,VQ,

At the cathodic diffusion plateau (Ec = - 914 mV/SCE} the diffu-
sion current values (@) plotted as function of /2 fall on a straigh
line intersecting the origin of the axis. The experimental siope
value is in agreement with that deduced from the Levich equation (i0)

1, = 0.62 nfc 0%/3y " 18112 2

foE the set of values at 20°C @ o = 2.1077 mol.cm™> RRVIES 1072
cm*.secel 3 D = 1.74.1075 cmd.sec~l this value has been deduced fram
_ that measured at 25°C, 2.10-5 car? sec~l (11) where : n, the number
of electrons transferred, is taken as 4,F is the Faraday, ¢, the oxy-
gen concentration in the bulk, v the kinematic viscosity of the solu-
tion, D the molecular diffusion coefficient of oxygen, and A the
electrode area {cm2). This result indicates that the whole electrode
area i's active in regard to the cathodic reaction.

) At the corrosion potential (X} {Fig. 3), a linear plot through
the origin is first observed up_to 1500 rpm, but the slope is Jower
than that corresponding to Eq. [2]. Beyond 1500 rpm, & sharp increase
of the current occurs, the data being fitted by a second linear plot
whiose extrapolation intersects the ni/2 axis at a positive abscissa.
However, if the angular velocity is decreased, the current values lie
again on a straight line going through the origin of the axis but
with a higher slope than previously found between O and 1500 rpm. A
fraction of the electrode area is then covered by a thick layer (9}.
The bare portions of the disk are bounded by logarithmic spirais
jssued from the rotation axis which accounted for a hydrodynamic
shearing of the layer formed during the hold time at zero current,
under the flow action. Therefore, below 1500 rpm a low por*isn of the
interface remains bare and gives rise to a dependence g /¢, which
can be expected for an active surface delimited by a convex contour
on a rotating disk in laminar flow. Above 1500 rpms the layer dis-
ruption becomes significant and, therefore, the increasing bare sur-



254

face leads to a jump in the diffusion current.

. After a hold time of 2 hr a% an anodic current of 250 pA.cmC
{2 = 1000 rpm}, the plot Iq vs. gt/ {©) {Fig. 3} is curved. If the
same date are replotted™in the i-1, 0~1/2 coordinates, a straight
Tine is found again, but is does not go through the origin of the
axis {fig. 4}, _

sL
/?
7/
)/
11N /s Fig. 4~ Reciprocal values
/ of Lhe diffa§§cna1 compo-
: § // nent vs. Q172 correspon-
o s . ding to the data (O} of
: y; Fig. 3.
Nﬁ A / : .
«9‘ i i 7//
< /
o Vs
4
I
/
i/
4
/
4
Gl_ (‘: . i I
' xr”’n-'r”e‘i”*: . o

L

. Different causes are known to separately produce such an effect:
{1} mixed kinetics, i.e. electron transfer-mass transfer, for the
cathodic reaction {10) (i) the existence of a porous layer in which
mass transport only depends on molecular diffusion, in addition to
the convective diffusion transport in the liquid phase (12) and {ii1)
a partial blocking of the interface, i.e., a decrease of the active
area (13, 14). Under therimposed hold time conditions, the metal is
wholly covered by a colloidal layer of rust. It can be easily washed
out under a water jet, and’ there remains an underiying black powdery
tayer. If one imposes then a cathodic polarization (E = - 914 my/SCEDY
on this surface, the measured diffusion current corresponds to.that
previcusly obtained on an active surface. The occurrence of a partial

- blocking of the interface must then be ruled out, This second layer
can be also removed by an ultrasonic cleaning.




There only remains the role of a porous layer played by the
colloTdal layer, conceivably ferric hydroxide, in regard to oxygen
diffusion. The mass transport of dissolved oxygen would proceed by

both convective diffusion in ¢he Jiquid phase {classical Nernst layer)
and by molecular diffusion throdgh the colloidal layer. Moreover, if
one assumes a mixed kinetics control for the oxygen consumption, the
total current resulting from the different series processes involved
may be written as

gt il xg;iJr zf - [3]

where Iy is the "kinetic current® of oxygen, i.e., which would be mea

sured at the corrosion potential on a bare surface in the absence of

a mass transfer control. IQw,is the plateau current with the colloidal

. layer for an infinite angular velocity. Given ¢' and D', respectively,
the thickness layer and the molecular oxygen diffusion coeffictent in

this layer, then -

. Igww =€ D'/8° _ [31

Finally 1) is given by £q. [2].

Equation [3] provides then a Tinear relationship between 1”1
and ("1/2, the slope of which must be identical to the reciprocal of
that appearing in the Levich e?uatéon {Ref, &18)}. Now, the experi-
mental slope value of 0.15 uA~l rdl/? sec1/2 i3'at variance with the
theoretical value of 0.0125. This discrepancy may be explained if the
consumption of dissolved oxygen by the chemical oxidation reaction of
ferrous to ferric ions is considered {15). This leads to the overcon—
sumption of oxygen during anodic dissolution and therefore expiains
the steep decay of the diffusional component at small anodic overvol-
tages in apparent contrast with the wide range of mixed kinetics
observed at;a platinum electrode {Fig. 5).

z’m.m»’

< Fig. 5~ Cathodic current-
$o00L voétage curve obtained in

potentiostatic mode at
& = 1000 rpm on a Pt elec-
500}, trode 3 3 % NaCt SG?_Uti{}n.

fusc.
Bl F 1 i $ 1] ] 1

] 1 i
LR T - VR KR P T - S -

I1.2. Electrochemical impedance measurements

Electrochemical impedance measurements are carried out by using
a small amplitude sine wave (less than 20 mV peak to peak}. Fig, 6
shows in the complex plane two impedance diagrams for two different
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rotation speeds (600 and 2400 rpm). Previcusly to the measurement the
olectrode is allowed fo undergo corrasion at its free corresion po-
tential for 2 hours at 1000 rpm. Impedance measurements are then per-
formed under potentiostatic control at the same potential. Both dia-
grams exhibit two capacitive loops with fairly Jow characteristic
freguencies. In an attempt to establish an analogy with the impedance
of a redox system, the low frequency loop should be atiributed to the
relaxation of mass transport Even:though the low frequency loop is
somewhat sensitive £o hydrodynamic conditions it does not Took like
an usual diffusion impedance (16) nor it watches.a more important fea
ture, the proportionmality of the characteristic frequency to the
speed of rotation. This is consistent with the data of the mass trans-
port study according to which diffusion occurs not only in the liquid
phase but alsc in a layer of corrosion products.

}-iG (€ cm?)
9?3”2 £2L22400 r.p.M.Fig. 6§ - Electrochemical impe-
401 e ® % s s3mMz dance diagrams obtained in
20 6-3**7. _ Yoot 6.3mHz potentiostatic mode {E = Ecopy
. e when I = 0 at © = 1080 rpm} at
: ] i . —— different rotation speeds.
. /4 20 100 R{D.cm?)
60t of‘wz £ =600 rp.m.
404 . * » &3mMz :
6iHz, * . ., ¥
20 he, . _.'“o.,"jm"‘f
_I.;' ' 1 A —
20 400 R .cmé)

Accordingly, the frequency response of the system must be quite
different from that of an ideal Nernst diffusion layer (i6}. Morever
it can be noted that the longer the time for free corrosion before

© impedance measurement, the larger the Tow frequency loop. In order

te estimate the contribution of mass transport to the electrode impe-
dance at a mixed potential, impedance diagrams have been simulated
by assuming the equivalent ¢ircuit in Fig. 7. Ry and-Rg are respecti-
valy the transfer resistance for the anodic and cathodic processes,
€ the paraliel capacitance and In the diffusion impedance (according
to the Nernst layer model) related to the cathodic current. The cal-
culated diagram in Fig. 8 is fairly similar to those provided by ex-
periments. In terms of the circuit used in the simulation, the high

: R R .
frenguency loop is EE;EE in diameter. so that at constant potential,
in agreement with experimental findings, its size is sTightly {mixed
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control) or ne dependent {diffusion control) on 0. This tends to
support, as assumed in a previous paper {9) a mixed or purely diffu-
sional control of the corrosion rate.

56 —1Ciohma} .
- ““!\;0
RZ 2D ,r' lm \\{-.
v \\‘})
| 00812 Riohmy)
E R’ E a E3) 00
o 2
zD = RD 5?1a
{(eap o }
N

Fig. 8~ Simulated electrochemical

- bEquivalent circuit of
impedance diagram according to the
e 1nterface carbon steel/3 % equivalent circuit of Fig. 7.

NaC? solution, in the vicinity
of the corrosion potential. _?éz;mizﬁzg SEE 300 &3 Rp = 500 @

In addition, experimental data obtained around the corrosion
potential - where two capacitive loops are still observed - corro-
borate the validity of equivalent circuit reported in Fig, 7 @

i} in the cathodic range the Jow frequency (L.F) loop size increases
with overpotential ii) in the anodic range, the dimensiens of both
loops decrease with overpotential.

The cepacitance { associated to the high frequency {HF} Toop of dia-
meter Ry has been roughly estimated - since this loop is ?ot cente-
red on the real axis - from the relationship C = (Ryw}™*, where the
characteristic pulsation wc = 2 7 fo corresponds to the maximum value
of the 1mag?nary component. The obtained value is abnormatly high

(-~ 2 aF cm?) since C is likely to be considered as the double Tayer
capacitance. The. frequency dispersion - Teading to a flattening of
the Toop {17} - and the high value of the capacitance may be ascri-
bed to the surface hetercgeneity and the porous and conductive natu-
re {18} of the deposited corrosion products layer generated during
the preliminary held time at the free corrosion potential.

Finally, this work carried cut by both steady-state and tran-
sient measurements leads to the following conclusions : i) during
the corrosion of a carbon steel in aerated 3 % Nall solution mass
transport occcurs not only in the liquid phase but also through a
.corrosion products porous layer, 1) the corrosion rate is controlled
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by the reduction of dissolved oxygen under either purely diffusional
or mixed control depending on the experimental conditions ; conse-
quently, the systematic use of the polarization resistance {18) in
?ggir to determine the corrosion rate may lead to erronecus values

IT - ¥ 80 carbon steel/inhibited 3 % NaCl
11.1. N 80 carbon steel/3 % NaCl + H,N - (Cﬂzlz « NH. (18”2 M)

Diamino-1,2-ethane exerting a strong alkilizing effect, the pH

- of the NaCl soliution reaches the value 10.85 instead of 6.20 without -
inhibitor. For this reason, a comparative test has been performed by
adjusting the pH to the same value as that of an inhibitor free solu-
tion by means of a small addition of 0.5 M NaOH.

The electrochemical impedance diagram, obtained in galvanostatic
regulation at zero d-¢ current and in the presence of diamino-1,2-
ethane {106~¢ M) is reported in Fig. 9.4, By comparison with results
from an uninhibited solution (fig. 9.c) it is observed that : (i%
there only remains one capacitive loop, the second loop previously
ascribed te the molecular diffusion of dissolved oxygen through a
corrosion products porous layer having vanished, 11} the polarization
resistance is greatly increased. To examine the intrinsic influence
of the inhibiter alkalinity, impedance measurements have been carried
out in the uninhibited solution but at the same pH {10.85) adjusted
by NaOH : the relevant diagram reported in Fig. 9.b presents the same
shape as that of Fig. 9.a but with a decreased polarization resistane

T
bt S ! . @ Fig. §-Electrochemical impedance
% TR - iagrams in galvanostatic mode at
e . I =0 and 8= 1000 rpm.
e, R a) 3 % NaCl + HaN~{CHy) - NRp(107M
T Y . !"' *) pH = 16,85
N S T b} 3 % NaCl ; pH=10.85 adjusted by
s - e NaOH.
- . - r— ‘L‘HW’ C} 3 4 KaCtl.
.._,6{&,.‘) ﬂ
T . * } »
.I‘:c ".t. ,‘r

The corresponding steady-state cathodic current-voltage curves
T are shown in Fig. 10. A comparison of curves a and ¢ shows that the
inhibitor gives rise to a shift of the corrosion potential to more
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positive values and to a more marked region of mixed kinetic control
of oxygen reduction ; moreover; in contrast with the uninhibited
situation, %% should be meniioned that the Timiting current density
in presence of the inhibifor is very close o the value predicted by
LEVICH {10} for a uniformly active surface. From the point of view
of both corrosion potential and 11m1t1ng current density, curve b is
. located between a and c. A

Fig. 10 - Steady - state cathodic
current-voltage curves at

= 1000 rpm.
a), b}, ¢} as Fig. 9.

in the immediate vicinity of the corrosion potential the catho-
dic current is poorly dependeni on the rotation speed of the electro-
de while the impedance diagrams at the free corrosion potential are
not influenced by the disk angular velocity. these results suggest
that at the free corrosion potential, the rate of oxygen reduction

is mainiy under charge transfer control ; consequently, polarization

resistance measurements can therefore be used to evaluate the corro-
sion rate.

Finally a better insight of the action mode of this type of
inhibitor can be afforded by considering the following features :

- at high cathodic overpotentials the interface behaves as a bare
surface ; in particular the LEVICH equation applies on the catho-
dic piateau which precludes any meaningful hindering process
taking place at the interface.

- the impedance diagrams of Fig. 9-a and 9-b exhibit the same shape,
and, hence the electrochemical behavior of carbon steel in both
solutions is presumably identical, though the pH increase alone
does not provide such an protective effect as that due to diamino-
1,2-ethane. The inhibitor action can be then clearly described as
a reduction of the active area of dissolution without modification
of the anodic mechanism.

This analysis corroborates previcus assumptions regarding the
inhibiting action of such & type of compounds {21, 22) : the inkhibi-
tcr is able, by a chelation mechanism, to strengthen and fi11 in the

"ore-passive” layer of Fe{OH), formed by the pH increase of the
sotution as well as to dxrect%y make bonds with the metallic atoms
of the bare fraction of the metal.
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11.2. N 80 carbon steel/3 % NaCl + 1 91'1 + oleylamino-propy-
Tene amine + amino tri{ methyl-phosphonic) acidy :

Because the previous inhibitor and those of the same type (27) are
basic in nature, their use must be prevented in some practical situa-
tions. So we have developed, in collaboration with industry, a neutral
inhibitive formulation composed of a fatty amine {(oleylamino-propyle-
ne amine) and a phosphonic acid (amino-tri (methyl phosphonic} acid)
{7, 23) ; it should be mentioned that this choice of composition was
dictated by your aim in associating a corrosion inhibitor {fatty ami-
ne) and a scaling inhibitor {phosphonic acid). The chosen formulation
will be denoted in this article : FA + TMPA,

Gihz

. CFig. 11 - Electrochemical
* » Tmpedance disgram in gal-
.. vanostatic mode at 1 = 0
'.‘\ “and 9 = 1000 vpm ; 3% Nall
.. \ eamm  t10g 1-1 (FA + TMPA).
200 200 00 o ﬂ_;m’) - o

The electrochemical impedance diagram obtained in gaTvanos&a—
tic regu]at1en at zero d.c. current and in the presence of 1 g.1
{(FA + TMPR) is reported in Fiqg, 11. It is characterized by two well-
separated capacitive locops as in the absence of inhibiter (Fig. 9-c
or §) but the characteristic frequencies associated to each loop are
different. In particular, the cepacity associated to the high frequen
cy {HF) loop has a very low value Cup ~ 1 wF/cmé, Consequently we are
Tead t¢ believe that this very low value can be ascribed io either
i) the change of the dielectric constant of the double layer the value
of which would be modified by the strong hydrophobic effect of this
compound §1) the formation of a more compact and protective fiim simi~
tar to a paint film.
Indeed, the first assumption must be disregarded in so far as the
jow value of the HF associated ressitance R {~ 359 cmf), in compa-
rison to that obtained with the blank solution {~ 115 Szcmé} would
indicate an increase of corrosion rate at variance with the observed

inhibitive effect (23).

Moreover, this is also covroborated by the steady-state results
reported in fig. 12. Indeed in the cathodic plateau region, the cur-
rent 1 corresponding fo dissolved oxygen reduction in both the inhibi-
ted and blank solution is lower than that, Ij, predicted by LEVICH (10
on & uniformly active surface. In the blank sclution, this effect has
been previously ascribed to the progressive deposit of insoluble cor-
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Fig. 12 - Steady-state cathodic
current-voltage curves atf = 1000
rpm,

3% NaCl. .

3% NaCl + 1 g 1 {FA-PTMPA)

Ii deduced from LEVICH equa-
_ tuon

ToApn <00 -T00 <800 -SO0 W00

rosion products acting as & diffusion barrier. In the inhibited solu-
tion the difference between the cathodic current and I appears more
marked in the potential range - 700 to - 900 wV/SCE although there

is no accurulation of corrosion products on the metal surface. More-
over in presence ¢f the inhibitor no diffusion plateau clearly
appears, the inhibitor seeming to induce a shift of the hydrogen
evoiution wave towards less cathodic potentials. Separate experiments
carried out with inhibitor mixture of different composition have
shown that phosphenic acid is respoensibie for this shift by lowering
the interfacial pH while the bulk solution pH remains nearly the same
as that in absence of the inhibitor. Thus, the inhibitor action.may
therefore be explained in terms of #ilm effect, which is also sugges-
ted by the fact that the impedance diagram reported in Fig, 1l resem-
bles those relative to the same electrode covered by a paint film as
it will be shown in the following section {Fig. 15 and 16). The pro-
tective film can be then characterized by Ryr and Cyr obtained from
electrochemical impedance measurements. The value of RyF increases
with imnersion time whereas the value of ng stightly decreases ;
when the oxygen concentration is decreased ;- the mediwn being then
Tess adressive - the WF Zoop anly appears Fcr tong immersion times
(Table 1}.

Hotd time at £, (min) 20 80 210 : ) .
AERATED Ry {memd) 7 25 35 TABLE 1 -3 % NaCl'+ 1g.17}
HEDIUM Gy (WF em?) 2.3 16 1.2 ) {FA + TMPA) ; § = 1000 rpm.
PARTIALLY Rgp (8 %) o~ o~ 22 '

DEAERATED  Cyp  (3F c@°2) wo wme 2.6

Finally, when the inhibitor concentration is reduced to 3?5
mg.1-1 the size of the HF Toop is greatly reduced even for long im-
mersion times ; for this concentration it has been shown elsewhere
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{23) that_the inhibitor is poorly efficient {~ 20 % instead of . 80 ¢
at 1 g.17%). In conclusion, it appears that the inhibitor mixture
(FA + TMPA} acts by building up a film of a dielectric nature, the
“protective efficiency of which is increased with the inhibitor con-
centration and presumably enhanced by the initial corrosion products.

I1.3. N 80 carbon steel/3 % NaCl + ZnPO,F 2.5 H,0 (107% M)

in view of the promising results obtained with monofluorophos-
phates as post-treatment agents of phosphated metallic surfaces
before painting (see the following section), we have alsc studied
their action as inhibitors when they are directly added to the
agressive medium. Zinc monofluorophosphate, InPOsF - 2.5 Hy0, appea-
red to be the best inhibitor againt corrosion of carbon steel in
3 % KaCl solutions {24, 25).

§ .60t}
Lt LS
soof. O]
- » - .
.Inn - S)mhx
. e * ./ Eig-_a};?‘“ Electrochemical
( L APT. Twpedance diagrams in
. e 4 . e w galvanostatic mode at
R(2.e® 1 =0 and @ = 1000 rpm
' 3 % Hall + ZE?G?F -
2.5 Ho0 (1072 M
}-ice@ent) (Detail of HF range in
T - (b}).
» .
u;o» . (b)
. lkinn L ]
»
m:':t““*-nm
1 3 a__
¢ b o0 I’{ﬂ.uﬂz}

The electrochemical impedance diagram obtained in galvanostatic
reguiation at zerc d.c. curreni and $n the presence of ZnPOqF -
2.5 Ho0 (10-2 M) s shown in Fig. 13.a - By comparison with results
from the blank solution (fig. 9.c or 6) it is observed that the
corrosion resistance is very greatly increased, In the HF range
(Fig. 13.b}, a capacitive loop is also observed ; the value of the
associated capacity Cyr is about § uF/cm? which is well below of the
© usual value of the double layer capacity, whereas the value of the
associated resistance Ryp is about 45 nem,
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In addition steady-state measurements {Fig. 14) show that in
the presence of InP0sF - 2.5 Hp0 the cathodic current is greatiy redg-
ced : the limiting current density I; decreases from about 350 uA/cm
to about 30 1A/cmi. These observations suggest that the HF loop is
representative of a thick film formed by the inhibitor on the metal
surface. By comparison with the inhibitor {FA + TMPA) the value of ca-
pacity is greater suggesting that this film is less thick or/and of
& less dielectric nature in agreement with the mineral nature of the
inhibitor. Such high frequency time constants have been aiready men-
tioned in the case of the iron protection by sodium nitrite (26, 27)
but not clearly ascribed to thick protective film effects,

In conclusion, of this section it appears that electirochemical
{mpedance measurements carried out at the corrosion potential (I = 0)
may provide valuable information on the corrosion inhibition mecha-
nisms which cannot be obtained from only steady-state measurements.
However, it is obvious that impedance measurements carried out in the
cathodic and anodic ranges are necessary in the case of more complete
studies involving in particular the precise determination of the inhi-.
tive efficiency.

I1I - Coated N 80 carbon steel/3 % NaCl

in a previous work (28} the influence of chemical conversion
surface treatments on the corrosion pretection of a carbon steel in
3 % NaCl solution has been investigated using steady-state electroche-
mical methods whereas the composition and the morphology of the prow
tective layers has been determined by physico-chemical analysis
{Chemical analysis, S.E.M., E.$.C.A.). It has been shown that all sur-
face treatments reduce the corrosion rate of the metallic substrate
but great differences in protéction magnitude were encountered depen-
ding upon the nature of the treatment. The present work deals in
detail with the effect of a paint Jayer application on the following
surface treatments of the steel : zinc phosphatation, zinc phosphata-
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tion + potassium monofTuorophosphate {KZPOQF} post-treatment, zing
phosphatation + zinc monofluorophosphate { nPOsF - 2.5 Hy0) post-
treatment.

P11, 1. Steady-state measurements

In table II are reported the values of the corrosion potential
Ecopp> the corrosion current density i.4p., the current density at
-“2860 mv/sce -1000) and of the polarization resistance Ry. The
Teory Values ha&e been determined according a critical analysis of
the cathodic steady~state current-voltage curves described in a pre«
vious paper {9} whilst i -1000) values may provide some information
on the degree of the coa%ing s porosity (2%). A good correlation is
obtained between i.5pp, i(.10p0) and R, showing that the paint di-
rectiy applied on the bare metal affor@s the better protection which
casts doubt on the generally accepted benefits of the prepaint sur-
face treatments. Nevertheless it should be mentionned that these
measurements only take account of instant corrosion rates {about 1
hour after the electrode immersion). o

Eooer Tearr § oot R

Hatyre of eeatd . N
N e (rirsess | peiem | oSy | pnooend

Save sheet + paint ss2s s inar toalnss liep e e

Iinc phospratation + paint -5t izl stas et

TABLE II - Instant corrosion
Iire phosenatetion » KPOF posts | em tae brovo ol g e ey res1stance.characteristics
trestent » patot : of the variously treated

Tine phosphatation + Byt - 1509 Lot lamtomiatoimt e | @nd painted steels,
2OL-brnatamend « pater,

S6, in order to verify the validity of these extrapolated
rapid steady-state data to the conditions met in actual practice, we
have examined the influence of the immersion time in the agressive
medium on the corrosion resistance of the various coatings. For this
purpose, electrochemical impedance measurements have been carried outf.

111.2. Electrochemical impedance measyrements

Because they are based on small amplitude perturbations, impedan-
ce measurements have the advantage of being non-destructive and the-
‘refore more suited to continucus monitoring, and may in addition
provide some information on the mechanisms involved in the coated
metal degradation. For these reasons, there is a growing interest in
the use of this type of measurements for evaluating the corrosion
performance of coated metals immersed in agressive media {30-36). Ex-
perimental impedance diagrams can be analysed to obtain individual
components of an equivalent electrical circuit which best approxima-
tes the coated metali/solution interface.
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1I1.2.1, Experimental impedance date : impedance measure-
ments were carried oGf in galvanostatic mode at the free corrosion

potential {i = 0} ; the results were then plotted in the compiex plame.
The diagrams generally exhibit two more or less well separated capaci-

tive tcops, depending on the immersion time in the agressive medium.

LG AKA gm®) 23Hx _
. Fig. 15 - High freguen-
: . Cy part of the impe-
e sorr . dance diagram - Zing
28 I B 2000\ ® phosphatation +
. AP BN KoPO3F post-treatment
ies” + paint - 1 = 0.
@ 23 s 74 G K0 et

Fig. 15 shows & typical high frequency part of a diagram obtained in
the case of a paint Tayer applied on a KoPO3F post-treatment steel ;
the very low value {~ 1 nF.om?) of the capacity associated with this
loop excludes the possibility that it can be ascribed to charge trans—
fer. '

Y

1 P 21 cmfy
” 28tz © Fig. 16 - Impedance
! dTagrain - Zinc phos-
' 023 .. ' phatation + InP0gF -
. ¥ ewmy 25 HOO post-treat-
s 25Hz . - ment + paint ;3 1 = 0.
B N L v
200 | *
s 12% 75 i %5 ) TR Lrem

As can be seen in the case of the paint layer applied on a InPOgF -
2.5 Hy0 post-treated steel after about 45 min. immersion (fig. 16),
the low frequency part is very depressed and cannot be ascribed with
certainty to a single relaxation time. Such a shape is roughly similar
tc that obtained in the case of the bare metal under identical condi-
tions as represented in fig. 9.¢ or 6§ ; this diagram has been conside-
red in the first section as repréesentating both charge-transfer and
mass transport taking place not only in the liquid phase but also
through a porous layer of corrosion products.

As the very low value of the capacity associated with the high fre-
quency loop {fig. 15) allows us to ascribe it to the insulating paint
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film, the eguivalent electrical circuit shown in fig. 17 {31} can
therefore be used 0 describe the experimental results. This equiva-
jent circuit consists of the electrolyte resistance Rg, the capaci-
tance Cp of the intact film, the electrolyte resistance Rf through
the pores, the double layer capacitance C in parallel with the fara-
dic impedance Zr which represents the corrosion of the metailic
. substrate.

c Fig. 17 - Electrical equivalent cir-
;2 cult of & coated metal/solution
1] interface after (31).

Re Rg = electrolyte resistance
—AW— ¢ — Cp = Intact film capacity

Re '__% Rg = Electrolytic resistance through
the pores.
¢ double layer capacity

ZF Faradic impedance

iu

[

H

111.2.2. Corrosion resistance evaluation of the different
coatings : Using the suitable interface model of fig. 17, values of
Jis individual components at different immersion times have been
determined for the different coatings. In table 11l are reported the
values of R., C, as well as R, which corresponds to the intercept on
the real axgs of the Tower frgquency 1imit of the impedance, If can
he observed. that whatever the type of surface treatment, when immer-
sion time in the agressive wedium increases R decreases, whereas
C, slightiy increases : this corresponds to_tge degradation of the
cgating. In addition, Ry varies roughly in the same manner as R:. For
long immersion times, it appears that the treatment of the metaq bew
fore painting is, in all cases, favourabie tc corrosion resistance.
The better protection afforded, for short immersion times, by the
paint directly applied on the metal can be assigned to the fact that
the paint laver is generally thicker in this case than that applied
on the treated surface.

Firally, from a mechanistic point of view, the following points
may be emphazised 1) we have never cbserved - even for short .immer-
sion times - a purely capacitive behaviour of the interface which
would be characteéristic of an intact coating covering the whole sur- -
face, i1} the coated metal dissolution occurs as on the bare steel
but over a greatly reduced active surface.
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TABLE 111 - Corrosion resistance, as a function of immersion
time, of the variously treated and painted steels.
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INTERACTTION BETWEEN BIOFOULING AND OXYGEN REDUCTION RATE

ON STAINLESS STEEL IN SEA WATER

Mollica,A.«Trevis,A.~Traverso,E.~Ventura,G.~
Scotto,V.~Alabiso,G.-Marcenaro,G.-Montini,U.
De Carolis,G.-Dellepliane,R.

Istitute per la Corrosione Marina dei Metalll
Consiglio Nazionale delle Ricerche.

Via della Mervrcanzia 4 - 16123% Genova-Italy

SUMMARY -« Field tests on stainless steel pipe specimens
exposed to natural sea water flewing at a rate of 1.1 and
2.2 m/s at a temperature in the range of 24 to 36°C were
made to study at the same time the behaviour of these
stainless steels and of the slime developed on these st-
eels. Slime formation was assessed by thickness measures,
by analysis of the organic and inorganic content, ETS ac-
tivity and Chl a content. Steel behaviour was observed by
free corrosion petential measures, by determining the
weight loss and galvanic currents between a stainless st-
ezl and a sacrificial anocde. It was found that bacterial
settlements increase the oxygen reduction rate which, in
turn, stimulates the corrosion of stainless steel in sea
water.

RESUME - Le comportement des aclers inexydables et la for
mation de biosalissures sur leur surfaces ont &t& Etudisds
au cours des essais prathucs effectués sur des acilers
inoxydables exposfs 4 1'eau de mer s'€coulant 3 une vites
se de 1,1 et 2,2 m/s et & une tcmperature ambiante dans
le domalne de 2% 3 36%C. La composition du film micrebien
a &t& 8valué moyennant des mesures d’epazsseur des téEw
neursen substances organlques et inerganiques,de 1'acti-~
vité ETS et de la téneur en Chl a. Le comportement des
aciers a &té observé en mesurant le potentiel de libre
corrosion, les pertes de polds et les courants galvani-
ques entre une acler inexydable et un anocde sacrifiable.
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On a ainsi pu démontrer que la formation des films micro-
bien augmente la vitesse de réduction d'oxygéne et que cef
te augmentation stimule la corresion de 1'acier inoxydable
dans 1'eau de mer naturelle. : '

INTRODYCTION

In our previocus paper(l),we observed an increased oxygen
“peduction rate on stainless steel surfaces when they were
covered by slime during their immersion in flowing natural
sea water. We also brought evidence that this increase may
corroborate the observations made by several authors(2,3,
4} according to which the corrosivity of natural sea water
is greater than that of sterile ses water, as far as staip
less steel 1s concerned.

In this paper, we want to explain more in detail the cor-
relation existing between the modified oxygen reductlion
rate and slime composiiion and to verify the consegquences
of thizs alteration on stainless steel corrosion.

The data reported in this paper are part of a research
work financed by ANSALDC IMPIANTI(Gernoca,ltaly} to.assess
the reliabllity of recently formulated stainless sbeels
when used to manufacture gsea water cooled condenser tube
nests.

METHCODOLOGY

" The test equipment used for shis purpose 1s i1llustrated

in fig.1.

Test section D

test section E

Fig.l — General layout of the test apparatus.
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A ‘submersible pump P is pumping the sea water and, after

elimination of the excess water by means of the by-pass A,

this water is conveyed to a distribution tank B, from

which duets, all similar to the one illustrated schemat-

; ically in the figure, are branched off., The flow rate in

' each duct is adjusted by the cock C and the water thus en
ters stainless steel pipes each having an I/D of 24 mm and
arranged in series inside the test sections P,E and F.

The section D is grouping a set of test specimens on which
.to assess slime formation; the section E is used to deter-
mine the stainless steel crevice corrosion resistance,wher
eas the section F is dedicated to an evaluation of the gal
vanic currents circulating between the stainless steel pi~
pe and the sacrificial anode. This test apparatus was used

for two test series each lasting 92 days. e
The sea water was pumped from the tailrace of a Power Plant
cooling system located inside the Port of Genoa. - :
A& proper selection of the starting dates made it possible
to make these tests in two different temperature ranges
{ 249 T¢32°C and 31% T¢36°C) in the course of one year.
Furthermore, each test series had the aim to study the el
feet of the two different flow rates{l.l and 2.2 m/s) on~
the parameters under congideration.Since the flow in each
duct was affected by variations friction coefficient gen-
erated by sliime formation, the opening of the cocks C had
to be periodically adjusted. :
Finally, the actual flow rate values were ranging between
" 0.9 and 1.2 m/s and between 1.9 and 2.2 m/s.

Slime evaluation
| : .

X The 5 om long specimens placed inside test section P were

: periodically removed to assess.the evolution and compo-

sition of slime by means of the following measures:

- wet weight of the settlement obtained after letting the
specimen drip for a few minutes; .

- weight of the slime after drying for 1 hour at 100°C to
eliminate imbibition water,weight after drying for one
hour at 420%C to remove the organic fraction, and weight
of the sliime after 1 hour holding time at 900°C to eli-
minate chiorides; :

- respiratory ETS (Electron Transport System) activity te
determine the maximum respiratory capacity of the sef-
tled biomass(5) after having removed the slime by soni~
zation of the sgecimen in phosphate buffer.

= Chlorophyil a (Chl ajcentent by spectrophotometry ( 6 )

po in anhydrous methanol. ' '

Crevice Corrosion Registance

The crevice on the 10 ¢m long specimens fitted into test
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section B was obtalned by a polythene tube watertight

pressed on the outer surface of the tesi specimen . The

crevice corrosian resistance of each specimen was assessed

85 Tollows: : S

- by periocdical free corrosion potential measures during
exXposure; ' ’

- by welight loss determination and visual inspection at
the end of exposure.

Galvanic currents

“In each duct, a stainless sieel Ltube having a "formal®
length of 1.2 m{test section ¥F) was consisting of 14 test
specimens of various length 1 _(l<ngll).Each specimen was
connected to a zere resistanc® conductor by means of re-
sistors R, { lgngll) equal to 10 Ohm.

This conductor was connected to a tubular iron anode by
means of a resistor Re. This assembly permitted to evaluw
ate not only the total galvanic current I_ and the mixed
potential K., but also the out put curren® values I_ from
the various specimens and the distribution of the pdten-
tials E_ along the pipe. The data thus obtained permitted
to plotthe cathodic oxygen reduction curve pointwise on
the stainless steel surface, by means of the values:

( I . Epe1 ¥ 5y " By ” En*l)

¥ -

2l 2 2
I

RESULTS AND DISCUSSION

Siime formation rate

The wet slime weights w for all test conditions are re -
ported in fig.2 as a function of time.

After drying, the weight is reduced by more than 30% thus
indicating that the slime is essentially consisting in a
stagnant water £ilm entrapped in a matrix of organic and
inorganic matter. _ '

By approximation and assuming the slime mass totally made
up of water, we can translate the wet welght into average
thickness values s (second ordinate in the figure) and
conclude that the slime thickness increases with time %o
reach an average value of about 300 um aftéer three months,
at a flow rate of 1.1 m/s and a thickness of 200 pm at a
flow rate of 2.2 m/s. o :

The percentage of organic matter in the dry residue is
shown in fig.3. This graph also shows that the organic
fraction is prevailing in initial settlement phases then
to remain at about U40% when exposure time increases.

E
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Fig.2 - Wet weight and slime thick=-
ness vs time.
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Respiratory BT8 activity is plotted against time in fig.d.
According to these data,cclonization of fthe surface
achileved in about 15 days in all test conditions and the
number of mlceroe~organisms ddesn't Aiffer mueh from the
guantity measured at the end of the fest pericd.
Finally, fig.5 shows the IS and Chl a values measured . n
specimens sampled at the same time. The straight line,indl
cated by Packard(7),ETS=3.28 Chl a  representing a phyuo
plancton dominated ecosystem is also plotted in this graph.
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The same relationship was alsc proved on algal deminated

micrafouling in a preparatory study (8). The position of

our data as compared with this straight line, shows that
our microfouling is potentially more oxygen consuming than
producing, with respect to a prevailingly algal popula=
tion. The data here submitted together with the observa-
tions from other Authors (9,10) whe studied such settle-
ments in conditions similar to ocurs, can be summariszed as

follows: :

- a'bacterial settlemeni oceurs on the stainless steel
Walls: these bacteria reach their maximunm viability
after two weeks exposure;

- a growing amount of inorganic matfer then progressively
iz entrapped on the slimy mucllage;

~ the siime mass Iincreases with the length of sxXposure
time, '

Oxygen reduction kinetics on stainless steel surfaces

Fig.6a shows the trend of the galvanic currents circulat-
~ing petween a astainless steel tube(20Crl18Ni6Mo} and an
iron anode measured by the potential drop on the resistor
By set at 10 Ohm(fig.1) during the test performed 1n the
range of 24 f£o 32°C. These trends show that galvanic cup
renig,irrespective of the flow. rate,are stariing from 0.5
mi to increase,in about two weeks, by one order of magni-
tude,then to settle down,as, the test continues,at a value
of 56 mA. This means that the trend of I_ at a given
time interval follows the trend of ETS ra¥her than that
of the biomass,thus suggesting a2 close correiation between
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Fig. 6a, b = Galvanic currents ve time between a stainless steel pipe
{1/D=24 mm, I=1.2 m) and an iron anode.
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the development of bacteris’ settlements and alteration
of the oxygen reduction kinciich on stainiess steel from
which ¢he amocunt of galvanic¢ currenis finally depends.

The trend of galvanic currents observed during the test

at 31% Te36°C {fig.6b) is absolutely similar.

The presence of slime opn the =steel surface iz an esgential
prerequisite for ' in
etics. This can alse be observed in fig.7a,in which the
galvanic currents are plotted vs time,measured on the test
specimens on which the slime was repeatedly remeved during
the last 20 days of test by two manual cleaning systems,

Hy >
8 : aonr
L P F i F
s T C _ e
: -3 . 200 2
] : : - 7
ERE H E] A
a {4 - .8
H i : o
& i t £
L 1 4 -
i ! ~200f )
3
ok I ’ v
€ % ¥
1 \. (A 40 iy
3 -
A ai }\ b
P e . s . s
i e Bg 1 {itays) % 0

Wy

i GuAtCmTy

Fig.7a,b = Bifect of cleaning with a nylon brush,either
followed(‘) or not ({) by flushing with ethyl
aleohol on the galvanic currvent {a} and on
axygen redaction kinerics (b).
wel. 1 mls, ZEWTLIZC.

In tHe fivst case,nylon brushes of a slightly larger size

than the pipes { phases BC and DE ) were used for slime
removal,while in the second, nylon brushes and cotton
Waal wads sozked in ethyl a}cohol { phases FG and HI )

were used for cleaning. The

ted without interrupting the

the second case,

Utes

‘The grapn shows thatb:

- galvanlic currents %udd@nJv drop .by a}mobt one erder
magnitude when the slime is removed;

= the greater the accuracy in cleanzng,the smaller w111
be bacterial residues settled on the steel surface:and
the more time will be required for galvaniec currents to
reach once more thelr steady state value.

Fig.7b shows the calculat@d oxygen reduction current den-

sity as a function of the potential aceording to the meth

asdology descr%bed in previcus pages,during various slime

development phases. These grashs zhow that the oxygen re-

duetion curve can btart from type 4,5,0 levels on clean,

Mirset cleaning system was adop
Fflow inside the dug¢t,while in
the fliow was interrupted for about % min

of
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L

N
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or recleaned steels,up to type B,D,F,H levels on bacteria
colonized or recolonized surfaces. Bacterial settlements
thus set & mechanism in motion gpeeding up the oxygen ne-
duction rate up to cathodic current values of 10 pA/em”
already at potentials ranging between 0 and 100 mV{SCE).
For completion of the information hitherto gathered on the
.correlation exisiting between slime and cathodic current
modifications,the trend of galvanic currents measured in
a special test is plotted in fig.Ba.
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Fig,.8z,b - Bffect of disconnection (*) and reconnection (f)
of the anode on galvanic current {a) and on the
cathodic current density (b).
v=1.1 mfs , 24T 32°C.

The slime was left to develop freely on the steel swface
for 35 days on end in flowing water before the stainliess
steel tube was disconnetted from the iron anode. Connec-
tion was restored after one day and after 10 minutes the
usual current and potential- values were measured along
the pipe. The connection was then once more interrupted.
This procedure was repeated for 5 days on end. The CDE
curve shows the decay of the galvanic currents as time
goes by, due to these operations. The EFQ curve shows
that galvanic current values increase when the steel pipe
and iron anode are once more permanently connected,

.The oxygen reduction curves calculated during the various
test phases are shown in fig.8b. From the mass of these
data 1t can be inferred that,even in the presence of
slime, the oxygen reduction kinetics and, hence, the gal
vanle current value may fluctuate between two extreme
levels that are similar to the levels plotted in fig.7.
The presence of slime on the stainless steel surface is
therefore an essential factor for alteration of the oxy-
gen reduction curve although it is insufficient to deter
mine the ingtantanecus trend of this curve which is also
effected by the "history" of the test specimen before
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measuring. The interprefation of this phenomenon will be
studied at a later stage; for the moment we want to high
light the fact that as soon as the connection between the
slime covered stalinless steel tube and the iron anode is
re-established, galvanic currents will return to their
maximum value within a few days. However, the findings of
this particular test are only valid for a short transient
period and are therefore of little impontance for the de
termination of bimetaleouple behaviour in long-term tests.

How is the modified oxygen reduction kinetics affeéting
the corrosion resistance of " GLALNLESS ELECLE.

For simplification purposes,we'll first highlight how the
modified oxygen reduction kinetics,caused by bacterial
settlements, is affecting the behaviour of both passive
and active steel specimens.

The typical bebhaviour of passive test specimen determined
by measuring the free corrosion potential, is illustrated
in fig.9.These data refer to a 20Cri8Ni6Mc steel chosen
from the test specimen not showing any localized corrcsion
at the end of the test cycle. The figure only shows the
botential values of sea water exposed test specimens at a
low rate of about 1.1 m/s, but the values obtained from
specimens exposed at a flow rate of 2.2 m/s are virtually
identical.
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Fig.9 - Free corrosion potentials Fig.10 - Corrosion potential vs
of passive test specimens temperature of passive
vs time. ' specimens in natural sea

' water(l)and in 3ZNaCi{2}.

It can be observed that free corrosion potentials are fast
ennobled during the first twe weeks of exposure still co
inciding with the bacterial settlement development phasé.
The values reached by these potentials after stabilisation
of' the settlement will depend on the szea watep tempera
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ture. The graph in Tig.10 was plotted by integrating these
values with those of previous tests(l,11l) showing how the
temperdture is affecting the corrosion potential values..
measured on slime covered passive test gpecimen.
The same graph also shows the free corrosion potential
valueg measured on a passivated steel type immersed in a
3% Na €1 solution. Their comparison shows that the pres-
ence of slime has a strong effect at amblient temperature
.and that the difference hetween natural and artificial
sea watér bends to vanish, in agreement with LaQue{ilwhen
the temperature rises towards 50°C.
The influence of slime on corrosion potential values is
further demonstrated in fig.11.7This graph shows the strop
gly decreasing potential value when the shtime is removed
with'a nylon brush (8V=300%500 mV in the temperature ranw
ge 24°% T¢32°C). The high free corrosion potential levels
' of steel reached in natural
HiHE i sea water at near to ambient
_ : temperature values may conw-
' .;°d§ 3§131§a§ tribute to explain the in-~
Y ) : creased initiation probaébil
ity of leealized corrosion
as compared with the syn-
thetic sea water(%,4).
The effect of slime on local..
ized corresion growth rate
: ) is shown in the graphs of
1© : £ tidnyey the figures 12 and 13. The
n ' a s K, - % cuprves plotted in
Oanv=l.1 mfs’zafTészc f&%?r12v3how the behaviour
Pig.11 =~ Effect of slime removal(y) of ¥ out of § 21Cr2.5Mo st~
by manual cleaning on the eel specimens exposed in
corrosion potential of natural sea water,with pre-
passive stainless steels. Fformed crevice,for 92 days.
All specimens resulted cor-
roded at the end of this test. The sudden drop of the cor
rosion potential, observed in almost all test specimens
after about 20 days, indicates the initiation of crevice
corrosion. ' :
During the propagation stage, the pofential tends to reach
a steady state at about +100 wV({SCE).The average weight
loss of the test specimens was 1.6z 0.5 g,
Another set of 8§ test specimens of the same steel type.ex
posed in the same test conditions,was repeatedly cleaned
and the slime was removed with a nylon brush during the
_first 50 days of the test pericd. AL the end of experience
6-'specimens were corroded. The trend of the free corroion
potential of 4 out- of 8 samples is shown in fig.1%.In this
case,the decrease of thé potential due to removal of the
siime,is partly overlapping and masking the decrease
caused by crevice corrosion initiation,sc making diffi- -
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cult to define the incubation time of the attack.
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caov v=l.1 mfs, 26% T« 32°%C
¥ig.12 - Trend of the potential on Fig,13 - Effect of repeated slime

4 of 21Cr2.5Mo specimens removal{}) . on free cor~
- in free corrosien. All rosion potential of 4
. specimens were corroded. 21Cr2.5M0 gpecimens.

auncorrodedOancorroded

It shoulid,however,be noted that the ape91mem:tbdt resulted
corroded at the end of the test maintalined thelr poten-
¢ial at less noble levels than the uncorroded apecimens
from the first month of thelr exposurs, ThJ% leads us fto
assume that corrosion was initiated wzﬁh;n this pericd
The p@tcntsak of the corroded spgczmenb which has 2 Value
ranging petween =200 and -25C nV (3CE)} immediately after
cleaning,rises to ~100 + O mV (SCE) when the cathodie sur
Tace of the steel is left undisturbed for the remaining
0 days of the test periocd and is then once more colon-
ised with bacteria. The average weight loss of these specil
mens was Tound to be 0.630.3 g-
We can therefore conclude that freguent slime removai from
cabthodic aveas during the first 50 days of the 92 day test
period, nobt only slightly decreases initiation probab:l-'
ity , but alsg reduces by half the average welght los
The effect of bLhe presence and absence of slime on the
averall behaviour of stainless steels will be more easily
underbtood with ¢the help of the scheme in fig.l & in which
wo cathodic curves B and ¢ are plotted.
he first of these curves refers to a cathodic surface
Nlth setftlement and the sccond to a cleaned cathodic supr-
face as already seen in £ig.7. The same {igure also shows
two anodie curves;the first Oi which{1l} describes a steel
in paﬁﬁave cgrdl*ions with passivity currents estimated
at 10~7 A/cmc,while curve(2) represenbs a steel in active
conditions. :
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. The cross potential between the latter curve and the two
weathodic curves are fixed taking the results reported in

" fig.13 into account. The sharp decrease of the corrosion

. Potential in the test specimen in passive state can be im
mediately observed together with the lowering by about two
-orders -of magnitude of the corrosion currents in an active
. specimen after cleaning of its cathodie surfaces.
..On’this ‘subjeet, it should be noted that this graph was
 plotted,with the implicit assumption that a cathodic area

- 0f 1iem® is'.available outside the anodic area. This reason

n+iﬁglqanjbe*repeatéd;with simi1ar_conclusiéns also for a
generic cathodic area. :

Jed - Fig.14 ~ Schematic outline of how the
: | presence or absence of slime
o0 is affecting the behaviour of
stainless steels: o
® cathodic current in presence
. ® of slime
| © cathodic current in absence
£ of slige
. (D anodic current in passivicy
conditions
anocdic current inactivity
conditions
B
ﬂr‘! * 1 H H
i Ricmty
CONCLUSIONS

The inner surfaces of stainless steel tubes subjected to
orce through natural sea water at the rate of 1.1 and 2.2
m's at temperature ranging between 24° and 36°C,were cover
ed with slime reaching stationary conditions after two
weeks of exposure. The development of bacterial settlement
is coinciding with & strong increase of the oxygen reduc-
tion rate on the stainless steel surfoces. .
The practical consequences of this phenomenon can be syn
thetized as follows -
= inereased corrosion rate of sacrificial anodes connected
to the steel surface. In particular,when coupling &
stainless tube to an iron ancde,the corrosion rate of
the sacrificial ancdes was found to increase by one or-
der of magnitude ( from 0.5 mA measured on a -clean tube
to 6 mA measured on a slime covered tube }
~ 8reater probabjlity of localized corrosion initiation,
due to strong ennobling of the free corrosion potential
induced on specimens in passivity conditions.
The potential increase observed in ithe temperature ran
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ge taken into examination was about 300 mV;
- increase of the loéalized corrosion rate up to about
two orders of magnitude.
The continuous removal of the slime from the stainless
steel surfaces exposed in natural sea water was found io
be efficient as an anticorrosion measure thyough a mech-
anism which can be somehow compared with the cathodie in-
hibition mechanism. .
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The Inilﬁencé of the Surface Treathent on Corrosion

of Guﬂ;!OFeiﬁn Alloy in Artificiszl Sea Water.
K+DABROWIECKI, KaBORON
Technidal University

ul. Smoluchowskiego 25
50=-372 YrocXaw POLaND

Abstract.

The corrosion resistance of condenser tubesg made

of CulNiiOFeiMn alley, which have differently treated
surfaces i.e. annealed undexr s proteciive gas aimo~
sphere and chemieaiiy etched, was exemineds 1t wes .
found that, the CuNi10FeiMn alloy tubes anneéaled with
no protective atmosphere, but etched in nitric acid
characterize in a higher corrosion resistance than
the tubes spnealed with no protective gas.

CuNi10Felln alloy is cofmhonly used for condenw-
- ger tubes in heat exchangers exploiied in sea watler.
Corrogsion resistance of these tubes depends, in 8
considerable degree, on the technological conditions
of their obtainment. o :
" The purpose of thias paper was to investigate
the corrosicn registance, ia artificial sea water,
of the condenser tubes made of GCuNiiOPFelln alloy of
variously processed surfsce /applying the protective
atmosphere during sunealing, various meithods of
ohem;cal surface eﬁching/.

Experimental mathoda

The commercial condenser itubes of CulNiiOFaiM¥n
alloy were under 1nvestigationa with the surface pre-
. pared in the following way:’

%, annesled without the proteciive astmosphere.
Anneallng was carried out st the temperature _
740 + 5°G, for 45 min, with cooling in the air.
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Z. Anneaied without the proteciive aimosphere.and
etched in suipburic acid. The tubes were annealed
as in the 1 manner, and then they were eiched in
sulphuric scid of 10% conceniration, temperature
6000 for 15 mine

3. Annealed without the protective atmosphere and
‘gtched in nitric acid. The tubes were sunealed as
in the 1 manner, and then they were etched in con-
centrated nitric acid at room temperature for 30
S€Ca

4. Annesled under the protective argon atmosphere.

' Agnealing wag conducted at the temperature 740 +
5°C for 45 min. During spnealing snd cooling the
kiln was filled with argon.

The artificial sea watex of pH 8,2 [1] was used for

the investigations. The corrosion rate was designated

with the gravimetric measurements in stailonary condi-
tions and in the conditions imitating the flow of sow
lution. The conditions lmitating *he flow of golution
were achieved applying the method. of a rotating cylin-
der. Linear speed of the sample surface in relation
to the electrolyte was 2,5 m/s. Selutions during the
megaurements were aerated.

: Potentiokinetic maaanraments of. polarization
were conﬁuetad in aynthetic, sereated aea water st
room tempersture with the potential sweep rate
0,06 V/m;n.

Results'of the inveatigationa and &iscusaion. '
- Merphology of tubes’ surface.

The appearance of tubes? surface afier having .
applied the manners of itaepraparation wag presented
in, figc t=4e . -

Suxface of the tube annaaleﬁ without tha protectzve
simoaphere was covered with a thick layer of oxidge
fion products.

" The surface film showed iwo types of the nu-
merous cracks: tiny, asrranged in an irxregular network
and considerably deeper, arrsnged sccording the dire~
ction of tube’s drawing. The surface appesrsnce of
the tubes etched afier annealing in sulphuric aseid
/the 2 manner/ shows, that the layer was dissolved

during etching, was not, however, removed completelly.

Surface of the tube eiched affer snnealing in nitric
acid /the % manner/ was smooih and brilliant, that
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Fig.1s The surface of a tube of CuNiiOFeiMn enncaled
without the protective atmosphere Jaccording
0 the 1 mannexr/.

Fige.2. The surface of the tube of CuNiiOFelMn
annealed without the protective aimosphere
and etfched in gulphuric acid /aceording to
the 2 manner/.
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Fige.3. The surfacé of a tube of CulNiiOFeiMn annealed
without the protective atmosphere and etched
in nitric acid /according %o the 3 manner/ .
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The surface of a tube of CuNiiOFelln annealed

F}.g etie
% in“the argon abtmosphere /the 4 mannex/.
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proves g total removal ol tne surface layers that
were formed during snnesling. Supface of the tube
annealed in the argon stmoaphere /the 4 manner/ was
coWwered with s crascked layer, that did not form a
continuous film.

Postentiokinetic polarization curves.

in the Fige5 there were presented potentiokine-
tic pelarization curves of CuNit10FellMn alloy of sure
face processed according to the four presented manners
and for the sake of compsrison, potentiokinetic pola~
rization curve of GCulNiiOFelMn alldy of just cleaned
with emery~-paper No600 surface /the 5 manner/.

anpde polarization curves achieved for the
mechanically cleaned surfiace of gupro-nickel /the 5
euxve/ sre similar. The run of anode polarizetion
curve of CuNiiGPFelln alloy of surfsce prepared aceorw
ding to the 1 manney differs considersbly from the
remaining curves in lower curvent values and s wider
pasaive area. The run of anode polarization curves
anows that, the presence of oxide layers on
CuNi10Peilin alloy surface retsrds the anode reaction
or hinders the transport of ions taking part in the
anode process. The Tafel slopes of the anode reasction
for CuNilOFelMn alloy of surface prepsred according
t0 the 2 and 3 manners /resulting in 0,06 and 0.065 V
respectively/ are very close 1o the Tafel slope for
pure copper in chloride sclutions /0,06 V according
to [g] /» It points to the dominating anode reaction
in Tafel regione

Cu + 2017 —= Cully + e (1)

The values of Tafel slopes for CuNiiQReiMn alloy of
surface prepared sccording o the 4,5, manners show
that reaction (1} may be one of the asnode reactions
of alloy’s dissolution. v . _ -
Considerably higher values b_= C,09 ¥ for CuNiiGFelln
of surface prepared accordinf to the 1 manner suggests,
other mechanism of the anode process than for cupro=- '
nickel of suxface prepared according to the remaining
MNSNNeTSe . : :
Distinguishable on cathode curves border
diffusion currents prove distincily, that in' the o
initial conditions, oxygen reduction is the dominant
cathode reaction. iack of border diffusion currents
on cathode polarizstion curve of CuNitOFeiMn alloy
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Fige5. Potentiokinetic polarization curves of
CuNi1OFe1Mn alloy in artifical sea water
1524 3,4,~ CuNi10Pe1lin of the mentioned above
manpers of preparing the surface, 5=Culil0OFeiln
-of just cleaned surface. :

annealed without the protective atmosphere suggests .
appearance of the other cathode reaction than only ’
cxygen reduction, one of {the possible reactions is:

Ni{oH), + 26 =mi +208 = (2)

that in sea water of pH = 8,2 is possible with poten-
tial sbout ~0,65 ¥ [jf, . ol

Gravimetric investigationg.

In the investigations semples were covered
with & green-celadon layer. iccording to [4] it may
contain Cu, (OH).CLl. ,

. Gar%osiug rate designeted during the investie
gations in the stationsry and imitating flow of sea
water conditions was presented. in Fig.6. : ,
In the stationary conditions CuNiiOPelMn alloy anneaw
led without the protective atmosphere, etched in
nitric acid /the.3 manner/ shows considerably higher
corrosion resistance than the alloy prepared sccor-
ding to the remaining manners.. Corrosion resistance
of the alloy prepared according to the 1,2,4 menner
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Pig.6. Corrosion rate designated in gravimetric
messurementss

practicaelly does not differ, Corrosion resistance in
the conditions imitating flow is differentiated and
depends on the manner of surface proceasing.

Tae siloy of surface etched in nitric acid /the 3
manner/ shows the greatest corrosion resistance.
Consequently diminishing corrosion resistance reveal
tne samples annealed in argon /the 4 manner/, etched
in sulphuric acid /the 2 manner/ snd annealed without
the protective atmosphere /thefmanner/.
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Abstract,

The results of investigations into the effect of nitriding on
the sea~water corrosion behavicur of F-1740 steel are presented and
digcussed. The electrochemical results have beeﬁ?§orrelated with
obgservations of the surficial zone obtained by optical microscopy and
-SEM. The formed phases during nitriding processes has been identifi-
cated by X-ray diffraction. The protector effect of nitriding may be
imputed principally to the presence of a continuous layer formed into
the surface during the treatment.

Hésumé

. Dans la présente communication se propose de décrire les résul-
tats oblenus pour mettre en évidence 1'influence de la nitruration
dans la conduite de ifacier F-1740 & la corrosion par 1‘eau de mer.
Les résultats électrochimiques ont des relations avec l'observation
des zones superficielles par microscopie optigue et microscopie £lec-
tronique (SEM). Les phases, qu'ont été crées pendant la nitruration,
elles ont é4é identifiées par diffraction de rayons-X. La bonpe ré-
sistance a la corrosion de ltacier nitruré est attridbué a la présen-
ce d'tune couche continue sur la surface métallique,
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introduction.

Nitriding is surface treatment method whereby nitrogen is intro~
duced into the surface of a solid ferreous alloy in order to, benefi.
ciaily modify the surface-sensitive properties as surface hardness,
fatigue, wear and sometimes corrosion. It has been reported ( 1-4 ),
that, depending on the composition of the corrosive environment and
alioy type, corrosion resistance of surface steels may be decreased
or increased through nitriding, :

The aim cf the present investigation has been to gain information
on the modification of corrosion behaviour in sea-water of aluminum—
containing low-alloy steel treated in salt-bath, gas nitriding and
jon nitriding processes by determxnzng :

a} the potentiodynamic polarization curves in sea.water media and,
b) the microgtructure of the formed layer and the present phases xn
surficial zone.

Experimental method.

The nominal composition of the type F-1740 steel used in the
present work was: C, 0.35-0.40%; 5i, 0.20-0.50%; Mn, ©.50-0.80%:
P, less than 0.035%, 5, less than 0.035%; Cr, 1.50-1.80% Mo, 0.25.
C.40%; Al, 0.80-1.20%, ¥e, balance.

The material was in form of 25 mm.diameter rod and was water .
quenched from 2002C and tempered at 55028 to 46 Rc hardness. To pro-
duce tests specimens, the rod was skimmered down to 20 mm diameter .
and then cut into discs 8 mm thick. One face of each of these discy
was then wet-ground down on.No. 600 silicon carbide paper before ni-
triding. The nitriding conditions are given in Table I.

The present phases in the surficial zone were determinated by
X-ray diffraction directly applied on the nitrided surface, and op-
tical and Scanning Electron Microscopy were used £o examine the mor-
phology of ithe nitrided zone after conventional metallographic pre-
paration and Nital 2% attack.

The effect of nitriding on the corrosion behaviour of the F-1740
steel was investigated using the potentiodynamic polarization techniw
‘gue at room temperature. Rigid and insulated connections were screwed
into back faces of specimens. and a circular area of 10 mm diameter
was exposed at aqueocus media. The corrosion-studies were carried out
in azr—saturated sea-water with 52 mS cgnduct1v1ty and air-saturated
solution with 50 m8 conductivity formed with 26.514 g Sodium Chloride;
2.247 g Magnes1um Chlorzde, 3.305 g Magnesium Sulphate; 1.141 g Calcium
Chloride; 0.725 g Potasium Chleride; 0.202 g Sodium Bicarbonate and
0.083 g Sodium Bromide.
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Table 1. Treatment conditions.

Treatment Media Time  Temp. Pressure Gas flow
Salt-bath 3% cyanate 4h 823K  101.3 KPR meem .
22% cyanide . _
Gas nitriding ammonia 44 h 783 K . 101.3 kpa oo o0k dis-
sotiation
Ion , . 1.1-2.1
nitriding I 50% N2+50% H2 6 h 753 K 170 Pa 1 /min.
Ton 15% N_+50% H 6h 803 K 170 P
nitriding II » Nyt 2 o ° 1.1-2.1
_ 40% N2+60% H2 2h 803 K 176 Pa 1/min.

A standard potentiosgtatic circuit and a canventional'polarization
cell was used. The constant weep rate applied was ~ 600 mV/h and the
open-circuit potential was recorded after 55 min immersion.

Regulis and Biscuaéggh.

i’ T {) .
The effect of nitriding processes on corrent density vs potentiszl
in sea-water and prepared solution was the same. The open—circuit po-

tentizl are summaritzed in Table II and the complete potentiodynamic
curves of nitrided and unnitrided specimens in sea-water are shown in
fig. 1. The examination of all treated samplés revealed heavy pitting
after the test., The compound layer was perfored and corrosion grew
into diffusion zome with layer breakdown {fig. 2}. In other side, the
examination of unnitrided specimens revealed general corrosion without
pitting evidence. ' :

The observation of gas nitriding samples, by optical microscopy
and SEM, revealed a 'white layer' ~25 um thick with a continuous surfi-
cial layer -2 um thick {£ig.3). Only FezN phase was identificated
by Xeray diffration. Salt-bath treatment produced a continuous’layer
~2 pm thick identificated as Fe,C {fig.4). In both ion nitriding pro-
cesses were determinated TFe N~ and Fe N phases, but only thg jon
nitriding II proces produced a continuous layer 4-5 gm thick, This dif-
ference has been imputed at higher temperature and longer proces.
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Fig. 1 t?ontentiodynaﬁiclcurves in seg-water, A, untreated;
B, saztwbath; C, gas nitriding; B, ion nitriding I3

¢, ion nitriding II.

the different electrochemical behav1our may be zmputed principal.
ly to the presence of a continuous layer formed into the surficial
zone during the treatment and to . the present phases. Se, the presence
of a continuous layer formed by Fe N or Fez 3N~Fe R ‘permit to get

high potential values before a sharp increased in the
corrent density. But, the presence of the same phases ?ezuaN and Fe N
in jon nitriding I samples does not have been enough to get

the same behaviour, In all cases, the resistance corroszon of wnitri-
ded specimens has beén the lowest.



Optical micrograph é£‘pits and breakdown

Fig. 2
layer in a gas nitriding specimen after
potentiodynamic polarization in air-satu-
rated sea-water; original magnification
x 100, '

R g © Ll e
Fig., 3 Scanning electron micrograph of surficial'

zone in gas nitriding specimen showing the
rwhite layer' and the continuous surficial

layerioriginal magnification x 400.

295
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Table LY. Open-~circuit potentials wvs SCE,

Gas ion Ton
Untreated  Salt-bath nitriding  nitriding I _ nitriding II
-0.59 ¥ —G.22 ¥ -0.01 V -0.14 ¥ -0.10 Vv’

Fig._A Scanning electron micrograph of surficial
wone in salt-bath specimen showing the
continuous surficial layer identificated
as FeBC° original magnification x 170G,
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ABSTRACY

o
A novel hull coating system, designed to facllitate application
of complete coating system in areas normaily obscured by the docking
Jblocks supporting the ship in drydock, has been developed and demon-
strated. This ¢oncept is known as the DOK-8LOX Hull Coating System.
The materials and application process are described, wmodifications
and alternate procedures are given, laboratory and shipboard tests
are detailed, test results are reported, and ship performance and
economic advantages of this system are discussed. To date, all
avallable test data indicate the DOX-BLOX Bull Coating System to be
a potentially successful, cost effective system, well suited to

accompéish the task for which it was designed.

B

Resune

On expiique laz misesau point d'un nouveau systéme de revétement de
carédne coqga pour faciiiter 1'application d&'un revBiement complet
dang des ‘zones normalement cachfes par les cales de dock qui
soutiennent le bateau en cale séche.. Le nom donnd 4 ce systime de
revBtement de cardne est celui de DOK-BLOK. On derit les matériasux
utilisds et 1a procddure d'application, on donne les modifications
,apportées et les modes opératoires alternds, on dcrit en dératl les
essais effectuds en laboratoire et 3 bord du batesu, on donne les
réoultats des essals et  1'on discute du fonctionnenment du bateau et
des avantages &conomiques de ce systdme. Toutes les donndes des
essais dont on dispose A ce jour montrent que le systéme de
revitement de cardne DOX-BLOK est virtuellement une réussite. C'est
un systdme efficace pour son collt; il est bien adaptéd pour accomplir
la t3che pour laquelle il a été congu.
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INTRGDUCTION

Operating Naval ships are routinely drydocked every 3 to 5 years
to renew hull bottom anticorrosion {AC) and antifouling {AF) paint
systems and Lo effeét necesgary repairs to the underwater huil, ap-
pendages and submerged equipment. Duriag this reconditianing of the
ship bottom by blast cleaning and repainting, the areas of the hull
resting on the docking blocks are {naccessible and therefore cannot
be pressoved.  (oansequently, when the ship is undocked these asreas
rcaalin unprotected and thus corrode and foul excessively resulting in
Increasing fuel consumption and reduced ship performance. In addi-
tion these areas serve as nuclei for the creep of fouling onto areas
which would normally remaln protected. Figure I shows typlcal accumu—
lation and creep of fouling {u such an unprotected area. By cositrast,
uote the generally clean and foul free appearance of the adjacent pro=-
tected hull areas. New approaches are therefore needed to preserve
these inaccessible docking block areas during periods between drydock-
ings.

Fouling Extends Beyond Cleaned Block Area Showing Sharp
Unprotected Block Ares Pemarcation At Unprotected Edge

?igare 1 - Typical Fouiing Aceuvmulation on Inprotected Block -
Area Before and After Cleaning

ECONOMIC BENEFITS

Congiderable economic benefits can be derived from protectiug
hull areas obscured by docking blocks. Docking blocks obstruct a
significant portion of the .underwater hull, affecting from about 5%
for a high performance ship, to as much as 20% of the underwater srea
ia the case of a supertanker. Figure 2 shows some large ships rest-
ing on arrayse of docking blocks iIn drydock. Note the number of
blocks involved. Projected prolonged drydocking intervals make these
unprotected docking blocks areas even more valnerable to corresive
attack and roughening by the marine environment, thus impairing eff—
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icient ship operation and increasing the danger of structural damage.
The pesalty for not painting hull areas obstructed by the docking
biocks 1s increased cousumption to maintain a glven speed of a par-
tially fouled ship. This fuel penalty occurs either during intervals
hetween routine underwater hull cleanings or during the entire time
between drydocking in the case where long term AF paints are used.
Thig direct economic loss is in addition to the intanglbles assoclat~
ed with ship safety due to possible lncreased corrosion at the unpro-
tected areas, where cathodlc protection systems may be Inadequate.

Figure 2 - Eypical targe Ships in Dry Doek Resting on Blocks.,
(FtreaJCovered by Blocks Vary from 5-20% F Hull)

A recent paper preseunted at the 20th Annual ASE Technical Sympo—
siuml{l) described a study designed to determine fuel savings gained if
keel and side block areas on aireraft carriers are preserved. The
hull areas considered in this fnvestigation ranged from a lower limit
of 4% of the total wetted ares (area just covered by the docking
blocks) to an upper kimit of 11% of the total wettéd area (ares
completely affected by the spread of fouling from unpreserved block
areas). Calculations based on results obtained in this study predict
fuel savings of 1.0 te 2.3 miiifon dollars per carrier over the 3
vear period between drydockings where periodic underwater cleaning is
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- used., Similar calculations Iandicate fuel savings of "about $169,000
for degtroyers and $1i10,000 for Frigates, per ship over a 5 year
period(z). When the calculations are carried out for ships having a
long term, high performance, unattended AF coating installed, the
fuel savings increase by approximately a factor of two.

The DOK-BLOK system offers an economical means for overcoming
this problem. It is estimated that to apply this method om new
censtruction and during extended overhaul (5 year intervals), the
cost of the prepackaged costing system, including application, should
not exceed $13 per square foot. For a typical frigate, haviag an un—
derwater area of 22,500 square feet of which 5% is docking block
area, the cost of DOR-BLOK protection should be about 516,875 per
ship, once every 5 years, or $3,375 per year. Using the figures for
destroyers generated in the above study, a net saving of $28,625 per
year per ship is indicated, in additioun to increased mission capabil-
ity and ship safety. To put it another way, for each dollar investad
in the DBOKBLOK system, nine dollars of fuel would be saved where
periodic cleaning takes place and as much as $18 of fuel saved where
long term, unattended AF systems are used. : :

INVESTIGATION

Description of the DOK—BLOK Svystem

 The DOK-BLOK Hull Coating System is a simple, cost effective
procedure for applying an appropriate coating system to the underwater
hull areas obstructed by the docking Blocks. Bagically, the system
conglsts of two tapes separated by a water soluble material to form a
prepackaged sandwich. Fach tape features 4 water repelling adhesive
which iz covered by an easy release protective paper. The botton tape,
termed the “block tape,” serves to anchor the unit to the docking
block. The top tape, termed the "hull tape” consists of a polymeyr~
faced tape which has been previocusly coated with a suitable antifoul~-
ing paint. It 4s the hsll tape which adheres to the ship’s hull and
ultimately becomés an {integral part of the ship's bottom paint systenm.
The water soluble layer ' between the two tapes provides wechanical
protection to the AF coating during the docking of the ship. It also
funetions as a plane of separation between the tapes when the ship is
undocked. ' ' '

in practice, after positioning of the docking blocks in the pump-
ed out drydock, each block Is fitted with a properly sized DOK<BLOK
tape sandwich unit/which is fastened to the docking blogck. Just prior
to reflooding the drydock, the top ptotect;ve paper - is removed to
expose the hull tape adhesive surfacs. The system is now ready to
receive the docking ship. After the ship has been drydocked and is

resting on the docking blocks, overlapping portions of the hull tape

‘are faired oato the adjacent hull' and painted over during the regular
hull painting operation. When the ship 1ifts off of the docking
blocks during undocking the sandwich separates within the water
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System. US Patents 4,321,101 & 4,420,333
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soluble layer with the hull tape remaining om the hull as an integral
part of the total hull paint system. Figure 3 shows a series of sche-
matie sketches of the BOK-BLOK tape and sandwich structure being ap~
plied to 2 ship hull during drydcckin§ operations. The process is fur-
ther described in the literatyrel3

Materials Selection

Industry was surveyed for commercially avallable candidate mater-
{als, suftable for use in the DOK-BLOK system. Table I lists candi-
date materials acquired and tested, elther iadividually or im various
combinat:g.oﬁs as DOK-BLOK sandwiches. In some Instances, duplicate ma-
terials were obtained from several sources. Early hull tape samples
were thin and quite drapeable, leading to some concern that under the
settiing ship's wedight these materials may tend to wrinkle or roll
up, rather than slide evenly as a unit. For this reason, subsequent
hull tape samples were thicker, reinforced sheet materials capable of
sufficlent pliability to follow the curvature of a ship hull,

TABLE |
CANDIDATE MATERIALS FOR DOK-BLOK SYSTEM
MATERIALS : THICKNESS
{GENERIC) FORM {MILS}
ADHESIVE MATERIALS
OIL MODIFIED RUBBER REGIN FILM 17
ACRYLIC FOAM ' TAPE 20
HULL MATERIALS
VINYL : : TAPE _ 2
VINYL ¢ SHEET 10
VINYL SHEET %
VINYL SHEET 20
POLYURETHANE SHEEY ‘12
POLYETHERIMIDE " - . SMEET 20
POLYETHYLENE TEREPHTHALATE SHEET n
POLYETHYLENE _ _ SHEET 20
POLYESTER COATED GLASS-REINFORCED FABRIC o T
. _ - . BLOCK MATERIALS
POLYESTER TAPE 2
ACRYLIC . : TAPE : 3
POLYURETHANE - . SHEET 17 ¢
o +  WATER SOLUBLE MATERIALS
| POLYVINYL. ALCOHOL M ¥
POLYVINYL ACETATE FILM o 1
’ _ BLOCK PAD MATERIALS
NATURAL GUM RUBBER . SHEET ' 50
: _ {45-40 DUROMETER}
NEOPRENE RUBBER OFEN CELL FOAM 800

{5—-9% SOLIDY
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Dry Docking Load Simulator {DDLS) Machine

To facilitate reliable evaluation of candidate DOK-BLOK component
materials, the DDLS machine was designed and constructed. This ma-
chine under controlled laboratory conditions, simulates the conditions
that the materials would encounter in actual service; i.e., vertical
icading of approximately 233 pounds sguare inch and the slight move~
ment of a ship as it cradles on a docking block pricr te coming to
rest. The machine accommodates a sample DOK-BLOK sandwich, il inches
by 11 iInches and consists of a hydraglic cylinder which exerts a
variable vertical loading {ram) force on a water submerged simulated
drydock block bearing surface. A second cylinder provides a slow
horizontal oscillating force to a platform supporting the simulated
docking block assembly, causing the block assembly to move horizon—
taily back and forth over a 2 Inch span. The hydraulic coatrol sys-—
tem includes gauges and 'regulators which allow both the adjustment
and monitoring of a wide range of loading parameters. An electrical
control system provides appropriate comtrol of the various wotions
generated within the machine. A schematlice dlagram of the DDLS machine
is shown In Figure 4. The coatrol systems are not indlcated.

VERTICAL {OADING
(RANME

%..,‘ / KULL PLATE

: WATER $LEVEL
SANDWICH

NG
™
(

HORIZONTAL
LOADING

SIMULATED
BECK BLOCK

g 1

Figure 4 - Schematic Diagram of Drydock Load Simulator (DDLS) ~
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Laboratory Tests

Initial laboratory tests established the feasibility of this pro~
cess to transfer the hull tape from a submerged- docking block to a
ship hull, with good adhesion of the transferred tape. These tests
consisted mainly of applying a tape system Lo a submerged (tap water
or 3% salt solution) simulated docking block {wooden block) and pres-
sing a welighted steel panel onto the submerged hull tape adhesive.
Lifting the panel off the block assembly revealed the transferred
huil tape. Timing cycles, welght Joads as well as the condition of
the panel surfaces were varled. Steel surfaces tested were: blast
cleaned; tight rust aad mill scale; painted; painted, fouled and wire
brushed; etc. Many of the adhered tape samples were subiected to 1
. inch wide 90° peel tests abt a peel rate of 12 Inches per minute. The
adhesion values wvaried from about 6 to 3 pounds per inch width.

The Dry Docking Load Simulator (DDLS) machine, deseribed earlier,
provided congsiderable information regarding the selection of satisfac-

tory candidate materials. Physical properties of individual candidate

materials were examined and those found unsuitable were discarded.
The adhesive film was then applied to the wvarious plastic sheets and
DOK~BLOK tape sandwiches of appropriate size to fit the DDLS machine
were comstructed. The sandwich was them positioned and attached to
the simulated block in the water pan of the machine. The protective
paper was vemoved from the hull tape adhesive and the pan was filled
with water to a level covering the block and sandwich assembly. 4 14
inch by 14 inch steel hull plate was bolted to the vertiecal force

- component {ram)_of the PDL8. The ram cylinder pressure was adjusted’

to exert a 233 psi Joad on the 11 inch square sandwich sample. The
ram was slowly lowered onto the sandwich/block assembly which was
moving laterally, back and forth over a two inch span. The horizon-
tal esciilation was set to 60 seconds for each cycle. The horizoatal
cycling was continuved under full Ioad for 5 minutes and then stopped.
.The water was drained from the pan oae hour after the ram load was
induced on the sample, but the ram load was continued for an addition—
al seven hours. Figure 5 is a photograph of the DDLS machine show
ing the rising hull plate after an undocking cvcle: The separated
water goluble layer is clearly visible on the adhered tape. Figure
6 1s a close—up photograph of a typical transferred hull tape to the
metal substrate. Here again ome inch width sections of the tape were
subjected to 90° peel tests at a peel rate of 12" minute. The force
.to peel the tape averaged about 10 pounds per inch width. By compar-
. igon, results on a similar test pevformed on a F~121 wvinyl AF paint
£11m on a bare metal substrate indicated that 3 pounds per inch width
was required to peel the paint from the substrate. Thig aspect 1s
under further study to determine peel strength of AF coatings on var~
ious AC painted substrates. '

Ina second dynamic laboeratory fest, the ram of the DDLS was
used to apply a leading candidate hull tape to one face of five steel
disks, 9 inches dismeter. Fach disk presented a different surface
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?igura 5 - rigure 6 -
DDLS Machine Showing Rising Close~up of Typical Transferred
Hull Plate After Simulated Hull. Tape {The Separated Water

Undocking Cycle Soluble Layer is. Clearly
. Visible on the Face of
Adhered Tape)

condition to the tape adhesive; i.e., bare metal (abrasive blasted):
tight rust; Navy Epoxy AC paint (F-150); copper~based Navy AF paint
(F-121); and a commercial ablative AF paint system. The back of each
disk was coated with an epoxy AC paint system. The adhered tape on
each disk was trimmed o counfora to the digk perimeter and the taped
fiat surface of each disk was gcribed to bare metal to form ple shaped
sections. Alternate sectors of tape on each disk were removed as
ghown in' ¥igure 7. The leading edge of each tape section was either
- feathered or faired into the disk surface, painted over, or left as a
stepped edge. Each disk was then installed on a variable speed rotat-
ing disk machine and rotated underwater at a preset constant speed.
The rotational speed was periodically 1ncreaﬂed and the test tapes
were inspected at the end of each speed cycle for evidence of tape
daterioration’ Figure 8 shows the variable speed rotating disk machine
with a disk in place. This machine 1s alsc instrumented to measure
hydrodynamic drag geserated by th§ various tape surfaces andf/or edge
configurations, The results of_rotation of a glass-reinforced polyes-
ter tape adhered fo the rusted disk are gummarized in Table II. Other
data generated in these experiments for adhesion. of the tape to 4if-
ferent gubstrates. were guite similar. The gross failure. of separation
of the tape from the adhesive has led to the suspicion that silicone
parting compounds commonly used in the manufacture of the glasg-rein-
forced polyester tape contaminated the surface sufffciently with a low
energy material so as to interface with its adhesion strength to resist
high rotational speeds. The presence of surface contaminants indicative
of silicone has been confirmed by x-ray photoelectron spectrogcopy (XPS)
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FAIRED AND

PAINTED EDGE -

Figure'7 - Typical Rotating Disk Showing Hull Tape in
Place with Exposed and Painted Edges -

‘Figare 8 “'Variable Speed Rotating Disk Machine in
Operation with Test Specimen in Place

e
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EFFECT OF.HiGH SPEED FLOW ON ADHESION OF HULL TAPE TO RUSTED STEEL
HIOTATING DISK TEST, 9" DIA)

pERIPHERAL LOSS OF ADHESION LOSS OF ADHESIDN

SPEED UNPAINTED EXPOSED EDGE PAINTED FAIRED EDGE

KNOTS HOURS EABRIC ADHESIVE - FABHIC . ADHESIVE = NOTES
5 6 N N N T Y
16 & N N N N
13 6 1 0 N N {a)
] 6 F o | N N ib} .
2% & E. 2 N N {e)
30 o [ £ 2 N N {d}
46 6 £ 4 N N fe.f}

SCALE: N — NO EDGE LIFTING
: 1 - BEGINNING EDGE LIFTING {1- 8mm2 AREA}
2 . MODERATE EDGE LIFTING {850mm® AREA}
3 . SUBSTANTIAL EDGE LIFFING {51-200mm? AREA)
4 .. SEVERE EDGE LIFTING {201-450mm? AREA}
§ .. FALED TAPE {OVER 50% OF AREA LIFTED OFF)
NOTES: (A} FABRIC OVERLAPPING THE CIRCUMEERENCE OF THE DISC HAD SEPARAYED FROM THE

ADHESIVE, CONSEQUENTLY THE OVERLAP WAS TRIMMED FLUSH TO THE EDGE OF THE
DISC WITH A RAZOR KNIFE,

1B} A SIGNIFICANT SECTION ‘OF THE FABRIC DELAMINATED FROM THE ADMESIVE; THE
FOILED SECTION WAS CUT AWAY FORMING A NEW LEADING EDGE.

() THE NEW LEADING EDGE OF THE FARRIC HEMAINED INTACT FOR 6 HOURS BUT BEGAN
TO SHOW RAPID DELANHNATION AT THE BEGINNING OF THE 30 KNOT CYCLE. SOME
LIFHING OF THE ADHESIVE AT THE LERD!NG EDGE NEAR THE PERIFERY Hﬂb
GCCURRED.

(B3} NO FURTHER DEGENERATION OF THE ADHESIVE WAS OBSERVED.
{E} SEPARATION OF THE ADHESIVE FROM THE SUBSTRATE INCREASED STEADILY.

CiFF YHE LEADING EDGE OF FABRIC AND ADHES!VE SYSYEM WERE INTACT THROUGHOUT
" THE ENTIRE EXPERIMENT,

i‘—l . . R = ...\'." )
techniques. The adheslon of the pressure sensitive adhesive on the rust—
ed steel was excellent with slight evidence of edge peeling beginnin,g
to show at 25-30 knots peripheral speeds. In all cases where the leading
edge of the hull tape was sealed and faired by careful overlay palnting,
no evidence of edge 11fting could be ascertained over the 5 day test
period. The work is continulng and further/{:r&gress wnl be reported
as the data become availabie.

S

Fileld Tests

s . ' .
Based on a highly successful laboratory test program, field test
studies were. initiated. A ferryboat scheduled for drydocking was. se-
lected and three. keel blocks and two slde rblocks were designated for
this test.  These were identified as keel blocks Nos. 34, 39 and 44
with the two side blocks 1on both sides of keel block #3&_. The sche-
matic layout of these blocks are shown in im Figure 9.  On 17 Septem-
ber 1983, relevant test areas on the ship®s hull were cleaned by
divers and on 20 September 1983, the pre-positiomal blocks were pre-
pared for the test. A l/4~inch thick gum rubber pad was fastened to
the crush boards of one keel block and one side block, followed by
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. SYSTEM LEGEND:
KEEL BLOCK 34 - DOK-BLOK HULL TAPE, SOAP LAYER, BLOCK TAPE. NATURAL RUBBER PAD
KEEL BLOCK 38 - DOK.BLOK HULL TAPE, NEQPRENE QPFEN CELL FOAM PAD
KEEL 8LOCK 44 - DOK-BLOCK HUNL TAPE. NEOPRENE OPEN LELL FOAM PAD
PORT. SIBE 8LOCK {FR.20! - BOK-BLOK HiiL TAPE, SOAP LAYER, BLOCK TﬁPE NATURAL
RUBBER £PAD
S?BD BiDE BLOCK (FR-20} - DQK BLOK HULL TAPE, NEOPRENE OPEN CELL FOAM PAD

STEaN

e A e

Figure 9 - Schematic layout of Test Blocks on Férry Boat

Figure 1¢ - Typical Dok-Blok Tape System on the Side Block
of the Ferry Boat, Before and
After Dry Docking -

the élock tape, a layer of water soluble paste, and f° ally the hull
tape. The entire system was fastened to the dockin block. The
other two keel blocks and one side block were fitted with 1/2-inch
thick open cell foam rubber pads. The hull tapes were applied direct-
1y over these foam rubber pads and the entire system was fastened
to the crush boards on each block, ¥Figures 10 and 1} 1llustrates the
appearance of the DOK-BLOK systenm applied to a side docking block
- and to a keel block hefore and after dbcking.
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_Figure 11 - Typical Dok-Blok Tape System on Keel Block of
Pexry Boat, Before and After Dry Docking

The ferryboat was scheduled for drydocking on 21 September 1983.
Prior to flooding the drydock, the protective paper was removad from
the hull tape adhesives, but left intact arcund the sides of the of
the hlocks to prevent the overlapped adhesive from contamination by
dirt and debrisg in both the air and water. A videotape camera was
installed on one keel block to record the interaction of the settling
hull with the DOK-BLOK system installed on the block. In addition,
many stiil photographs were taken of the imstallation process. The
"~ drydock was then flooded, the ship was brought into the drydock and

positioned, and the dock was pumped down again exposing the underwatir
hull of the ship. The following day, the overlapped hull tape was ad—
hered to the ships hull and trimmed to approximately 1 inch of the
block edges. Figures 12 and 13 show a technician using a plastic rol-
ler to remove tape wrinkles and trapped air or water as he adheres the
'overlapped tape o the hull. These exposed edges of the adhered hull
tape were then painted with one coat of Navy formula 121 antifouling
pasint. A wooden frame, 2 inches wide, was constructed on &4 of the 5
test blocks, to protect the trimmed edges oﬁ the hull tapes during
abrasive blasting operations. The tape edges on the fifth block,
block 44, were left exposed to observe if the blasting operatiom -
coulid be used as an alternative for trimming the exposed hull tape
edges. The protective wooden battens were removed prior to the paint-
ing of the ship hull., During the reconditioning process, the hull
was abrasive cleaned to bare smetal and an ablative A¥ coating sys—
tem was applied. The exposed hull tape edges were over coated with
this system. A typical applied hull tape ias shown in Figure lé.

RESULTS ANDP DISCUSSION

The basic DOK-BLOX systems is described earlier in this paper,
however, many wodification and variations of thils process are pos~
sible(%,9) some of which include: . :
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Figure 12 - Figure 13 -
Hand Rolling Edge of Trimmed . Checking “Adhesion of Huil Tape
Overlap Tape Adhered to Hull = Edge After Hand Rolling -
' - Opazation

B

as - Elimination of the block tape and the water soluble 1ay&r
and appiyiag the hull tape directly over the  foam rubber pad.

;B Applyiag a water soluble coating, such ag polyvinyl, alcohol
or pcly\rinyl acetate, over the AF coating on the hull tape.

e Incorporating a. suitable AF material either chemically or
physical}.y, into the polymer facing of the hull tape.

d. Incorporating suitable. carrosion inhibiting materials into
_the bhull tape adhesive.

Q. Underwater application of a very thin hydrophobic £ilm, such
#8 & paste wax, to the cleaned hull prior to contact with the hull
tape adhesive. It has been observed that this tends to fincrease
adhesion. .
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P

Figure 14 - Typical Applied Dok-Blok Hull Tapé Aftery
Trimming, Rolling and Blending inta Ship
Hull Paint System

Laboratory Tests N

Early static panel tests indicated superior qualitles for the
DOX~BLOK tape system as compared to actual Navy paint systems. In
manyginstances, hull tapes showed adheslion values on stegl or painted
panels, three times greater than for centrol Navy palnt systems. la
addition, 90' tensile peel tests indicated that tape.adhesive bond
strength oh steel panels previsouly painted, fouled and wire brushed,
exceeded the cohesive strength of the paint films. This was consider-
ed significant since experience has shown that hydrodynamic shear
forces exerted on hull paints do not exceed its cchesive strength,
that i, the palnt films do not normally disintegrate but retain thelr
film stability. It therefore appeared that the adhesion of this tape
to the hull would be at Jeast as good if not better than the adhesion
of the original paint system to the hull. Experiments utillizing the

- DDLS machine revealed that the adhesive film could be successfully
_applied to a wide range of polymer materials. Numerous DOK~BLOK

sandwiches, employing various combinations of hull tape polymers and
other candidate materials, were congtructed and satisfactorily tested

. on the DDLS machine. The final cheice of polymer backing for the imll

tape revolved mainly about material strength, compatlbility with sub-
merged seawater performance, compatibility with Navy AF paint systems
and with shipboard cathodic protection systems. Persistant positive
laboratory test results established the feasibility of transferring
the hull ‘tape from the drydock bloek to the ship®s hull. Dynamic
tests on a variable speed rotating disk machine showed a definite
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advantage for fairing the leading edges of the tape into the adjacent
paint system. : -

Fieid Tests

As stated eariier, a ferryboat was selected for z trial applica-
tion of the DOK-BLOK Coating System. The ferryboat was approximately
242" long with a 65' beam and a draft of 8-1/27. Itg speed 1s listed
at 13 knots. It has a “vee" shaped hull and a2 6' wide flat keel.
Permission was granted to install the DOK-BLOK system on port and
starboard bilge blocks adjacent to keel block 34. The hull configu~
ration is symetr.cal about the fore and aft center line and the
center keel block is at position 44. . The keel blocke are on & Foot
-¢enters so that block 34 is located 40 feet forward. of the ceater of

the ship. : : oo - '

‘Frior to docking the. ferrvboat, the services of a diving team
was utilized to inspect and clean the ship bottom in hull areas
where the BOX-BLOK system would be applied. The hull paint system
was reperted to be in relatively good condition, with main areas of
fouling growth found in patches on the keel where the blocks preveant—
ed application of amtifouling hull painte on previous drydockings.
This growth was about 1/2 inch thick and could be scraped off with
a wide putty ‘mnife. A light siime on the hull ceating was also
present. The cleaning operation removed ail fouling growths and
siimes and any loose paint or cerrosion products.

The test docking blocks were prepared with several modified ver—
slong of- the DOK~BLOK sr tem, as previocusly described, and the ship
wag docked in a voutisnie manner. Inspection of the test areas and éx—
awination of -the videotape showed no apparent « probleas with the
positioning or deployment of the DOK-BLOK tape systens & ring the dry~
dock ng process. In all cases, the tapes remained in place with no
tears or stralas. Some minor difficulties were encountered in adher-
ing the overlapped tape édges to the ship's hull. This ig attributed
to contamination of the tape adhesive by floating dirt, oil er de-
bris. A better method for protecting the adhesive on the overlapped
tape edges will be devised before the next shipboard ‘test. However,
these edges were cleaned up and were made to adhere to the ship huli,
trimmed to approximately one inch of the block and pregerved ag part
of the overall huil paint system. Short term examination by divers
of the applied DOK-BLOK coatings, after one month of exposure piler-
¢ide showed some sgoftening and peeling of the AF paint on the hull
tape but ne fouling. Unprotected bleck areas nearby were beginning
to foul profusely as shown in Figures 15 and 16 respectively.

Conclusions

© The preliminary field test demonstrated the feasibility of
shipyard deployment of rhe DOK-BLOK hull coating system.
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o Optimization studies are required to refine and siwplify applica-—
tion procedures.

o Component materials and adhesives need to be upgraded to
achisve long term performance of this unigue coating process. Work
43 underway to accomplish these objectives.

Figure 15 - : Figure 16 -
Underwater Close-up Photo of Dok- Underwater €loge-up Photo of
Blok Hull Tape Showing of Fouling Adjacent Unprotected Block
After One Moanth Exposure in Harbex Area of Hull Showing Profuse

Fouling axtachment After One
Month Rxposure in the Harbor
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COATINGS FOR OFFSHORE STERUCTURES AND SHIPS IN FROZEN SEA
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K

© SUMMARY

Ice~resistant coatings are required to have special performance of
low friction against ice and toughness against ice abrasion. Te
performance of several coatings were investigated, and the corre-
dation betwesn friction coefficients of the coatings and surfsce
property was -obtained. The friction coefficients depend on rough-
ness, hardnesg and hydrophobicity of the coating film surface. The
practical wesaring behavior of coatinge on the hull of an ice-breaker
was tried to simulate by the ice-abrasion tests in laboratory. The
experimental ‘results agreed "with fullwscale performance tests which
were conducted using Japanese Antarctic jce-breaker “Fuj'“ for
five years. The laboratory testing wethod to evaluate effectively
the performance of ice-resistant costings were established. . The
3pgcialapp11cst10u procedures for ice-resistant coatings were also

astablished.

i
RESUME

La peinture. résistante ¥ la glace doit avoir des caraatérmstzques
particuliBres telles  que faible frotiement contre ls glace,. résis-
tance B l'usure due B la glscs, ete. Les caractéristiques Ges diver—
ses peintures out €té soumises ewr ftudes, et cela nous & permiz de
comprendre la corrélation entre le coefficient de frottement et 1'é&~
tat de surface. Le coeffioient de frottement dépend de la rugosiied,
ia duretd et l'hydrcphobicité d'une couche de peinture, Nous avons
effectué les esseis d'abrasicn su laboratoire en créant les condi~ |
tions simulfes, afin de saisir le comportement d'usure de la couche
de peinture asppliquée. sur le oogue de brise-gluce. Les ‘résultats ob—
tenus sopt largemeni d'accord avee ceux des essais faits pendant
cing ens sur le brise~glace jeponasis "Fuji". Nous avons ainsi pu
éteblir la méthode d'essai en laboretdire permettant d'évaluer effec—
tivement les calacté%xsthues de peinture résistante 3 la glace,
ainsi que l& methode d‘applzcatzcn particouiiere de la peinture de ce
-genre. '



318

1. INTRODUCTION

There has been Little study of review of corrosion protecting
wethod for those areas of structures and ships in frozen seas which
come in contact with ice., Previsusly it was believed that there
weré 1o appropriate anti-corrosion methods available; conventional
paint film peeled within a short time due to incessant contact and
scraping with ice. To deal with this problem, an extra thickness of
the steel plate has\beepiincreased as & corrosion allowance. Ag

" respurce development in the Arctic has made progress, paint wmanufac-
turers, have started developing paint for the bottom of ships navi-
gating in frozem seas {to be heresfter referred to ss ice-resistant
paxnt). Recently, ice-resistant paint which is sufficiently durable
in frozen ses sreas has become available. it has been used for
chips navigaring in the Baltic Sea, for guard-ships on the Great
Lakes, for polar expedition ships of various countries and for off-
shore drilling structures and icebreskers used in the Arctic. Also;
NKR has applied this paint. to the new Japanese Antarctic observation
vessel, "Shirase", to the Japanese ice-breaking patrol wvessel,
"Soya®™, and to “Ikaluk“,'&u ice breaking supply vessel. The fanct-
ions vequired to ice-resistant pasint, ave,anti-corrosion performance,
reduction of friction resistance against ice and the prevention of

icing. It is said that friciton between the hull and ice leads to a
substantial increase in ice breaking resistance. However, ice-
resistant paint applied on ship bottoms can be expacted te reduce
the friction resistance of ship, to increase their ice breaking
ability and to 1mprove their fael consumption. Moreover, .the pre-
vention of icing improves navigational stability of ship as well as
veduces external forces acting on offshore structuvres.

Since 1978, we have been conducting & fullwscale test of ice-
resistant paint on the Fuji", the Aatarctic exploration vessel,
together with laboratory tests of properties such as friction, ice
release and abrasion.  The laboratory test methods to evaluate
effectively the performance of many kinds of ice-resistant coating
were established. Also, film properties which are necessary for

- ice-resistant paint were .clarified.

Seven  brands -of ice-resistsnt paint, as shown in Table 1, were
selected in the'test; as well as three brands of mastic-type paint
containing glass flakes and two brands of conventional hull paint.

2.. FRICTION TEST

2-1 TEST METHOD

An ice friction test apparatus were designed as shown in Fig. 1.
The test paint was coated on end of g ¢ylindrical test piece with
30me inner dismeter and 50mm outer diasmeter. By pressing the sample
‘against an ice surface at an 8 kgf/em? pressure and then rotating it
using a, DC motor, -three kinds of friction coefficients were
measured: breakaway (static friction coefficient after pressing the
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sample against the ice for 30 minutes}, static and kinetic fric!_::i.cn
coefficients. The hreakaway and static friction were wmeasured by
-rotating the sample at a rate of 1.3l em/sec, and the k:’.nei.:ic
friction was measured at 39.3 cm/sec. .The ice was made by freezing

distilled water. The temperature of ice and sample was kept at -
209C by spraying liquid nitrogen into the thermostatic chamber.
Furthermore, it was desired to investigate the surface pro-

perties of paints necessary for low-friction coatings. S0 three
properties were measured; surface rg(ghness (I$0~R.468), hardness
(Xnoop hardness number, ASTM-D-1474)7 and hydrophobicity {contact
anglel. Using a stylus type roughness wmeter, surface roughness
measurements were made on 10 poiat “height. The contact angle of
distilled water dropliet on the sample surface were measured o esti-
mate hydrophobicity. Moreover, to clarify theé relationship between
surface properties and friction further, . friction test were
conducted on not only paint materials but also 8 kinds of plastic
materials.

2-2  TEST RESULTS AND EVALUATIONS

Test results for paint, unpainted steel and plastics are shown in
Table 2, while an extraction of the results for the first two is
given in Fig. 2. The frictien coefficient of jice~resistant paint
was found to be only about 50% to 75% of that of conventional paint.
On the other hand, unpainted steel, with a surface roughness of
about 100 ym, exhibits breakaway and static friction coefficients of
nearly 3 te 8 times of ice~resistant paint. If the surface reugh-
ness of bared steel plate increases due to corrosion, increase of -
the friction coefficients is expected. Based on these results, it
was confirmed that the protection of the hull from corresion and the
iceepmg\ of a smooth surface provided by the application of ifce-
resistant pamt contribute noticeably to the reduction of friction
Tesistance to ice.

Farthermore, the relanonsth between the friction coeffzc:.ent and
the surface properties of the paint film {surface roughness, hard-
neéss and contact angle with water) was considered. Multiple regres—
sion (index rtegression) &nalys:\,s was wmade in accordance with the ..
following formula (1), )

p= AR WP et L (D)

where, ' .
A + Constant
u {uB, uS, uK): Breakaway, Static and Kinetic
. - friction coefficient '

R % Surface vougness {10 point height)
H ! Knoop hardness )
& : Angie of contact with distilled water

The results are shown in Table 3, The relatwushxp between friction
coefficient and surface properties is shown in Fig. 3. It may be
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seen from Fig. 3 snd Table 3 that the friction coefficient of the
411 againet ice becomes smaller if the surface roughness is lower;
if the hardness and contact angles become large, and if the bydro-
phobicity becomes high. In other words, when attention is paid to
friction reduction, desirable ice-resistant paints are these which
provide a swmooth surface {(not more than 5 ym of 10 peint heightJ,
hardness exceeding Knoop Hardness Number 4, and high hydrophobicity
" {exceeding %0 degree contact angle). Based on these surface pro-
perties, the friction properties of & paint film can be evaluated.

Table, 1 The paint tested

-

Fo. Type : Main component Coating method .
1 ’ Nonsolvent type epoxy |Dusl flov airless spray
2 Epoxy Airiess spray
3 " T
4 ]Ice-resistant " H
. paint .

5 !‘i "

&, Ronsolvent type urethane Dualflow‘&irless sﬁray
T Urethane - | Airless spray

g . ' Epoxy glassilake Special air spray

9 Méétic ty;wpe paint ' Poiyester glassflake Airless spray

10 "o L] . o N
1 Conventional Epoxy : "
ig2- bull paint Coal L&Yy epoxry ' "

~ Table. 3 Results of multiple regression analysis

a - b . e

"B 0.177% | ~0.132 | -0.130
S 0.080 | ~0.107 | -0.1568
UK 0.073% | ~0.077% | ~0.1464%4

Error rate : A10%, * 5%, ** 1%
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Motor
Temperature
senser
N\ T
\ ; < - Sample

Lf“"‘!l———— Paint sutface

. {E/zlz sr
“ . l

~ ice

t

Torque meter

Air cylinder

Fig. 1 lce friction':’cest. apparatus

L . © Friction Coefficient
32 04 05 08 1.6 1.2 1.4

1

isg-remstant paint 1. _ g:e?kaway .
' ' @ atic .
: " 2 . Kinetic
n b . )
Conventional hull paint 1
" 12

Unpainted steel plate R® 40um ’
" : R*%{}{}_;xrﬁ :

Fig. 2 Friction coefficient of coatings

+ R: Surface roughness (Defined by 10 points height)=~
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Fig. 3 The reia‘aonsbzp between friction
* eoefficients and surface properties .

S Friction coefficient
Surface ‘roughness
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Kinetic
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3. ICE-RELEASE TEST .
3-1 TEST METHOD

The adhesive strength of ice on the paint filw was measured by a
tensile tester. As shown in Fig. 4, ‘distilled water was frozen in 2
stainless cylinder with 30mm outer diameter resting on & paint £ilm,
The adhesive strength was then "measured by puiling the stainliess
cylinder-verticaily from the surface of the paint film at a strain
rate of } mm/min. and at s temperature of -200C,

' 3-2 TEST RESULTS AND EVALUATIONS

The adhesive strength of ice both to the paint film and to uapaint~
ed steel is shown in Fig. 5. The adhesion strength of ice to the
iee-resistant paint surface is 1/2-1/3 lower than that of unpainted
steel, and is 2/3 lower than that of the conventional paint. ‘Thus,
the ice releasing effécts of ice-resistant paint can generally be
seen. - _ : )
" According té the test results on unpainted steel, as the surface
. roughness  increses, ice adhesion stronegth alse increases. Cf all -
the ice resistent paints shown in Fig. 5, No.5 has the greatest sur-
face roughness and consequently exhibits the highest ice adhesion
strength. ot - __

Furthermore, the .relatiomship between ice adhesion strength and
contact angies both of paint and plastic materials with dz‘stiiled.
water- {or hydrophebicity) is shown in Fig. 6. It has been confirmed
-that, the adhesion strength of ice decreases, as contset angles in—
trease causing an increase in hydrophobicity. This means that, the
paint film surface releases ice.more effectively by repelling water
" better. ~'As these results, it will be concluded that desirable ice-.
resistant. paints to prevent icing are those which provide smooth
roughness and high hydrophobicity. \

" 4, ABRASION TEST

Several full srale tests have been made with respect to the
abrasion of the painted film on steel in ice~friction. In these
tests, coatings were applied to the bottom of. ice-breakers so thst
the effects of: abrasion. could be observed after the service in
frozen sea. Though these tests {under actusl conditions) were prov=
ed to be. very reliable, they are quite time consuming. Thus,
development of laboratory tests which will simulate the deteriorat-
ion behavior of paint films on ships durihg navigation in frozen ses
is strongly reguired. . ' '
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4~} TEST METHOD
f a

The abrasion test apparatus is shown in Fig., 7. Test samples were °
steel pipes, with the outer painted spurfaces. . lce was pressed
sgainst the side of the samples at a surface pressure of 13 - 6%
kgf/cm?. The samples were rotated at & speed of 10 cm/sec and at an
ice tempersture of -209C. The abrasion behavior of- the films was
periodically observed.

&~2 'TEST RESULTS AND.EVALUATIONS

After 8 test period of six hours, several samples were damaged,
making it possible to evaluate abrasion resistance. ~ The test
results ave showm in Table 4. As ghown in the table, ice~resistant
paint is generally superior to conventional paint., A typical sur~
face apperance is shown in Photo 1. Test results for the deterio-
ration bghavior of test “samples show that film thickpess does not
decrease gradually, but that the microscopic arez of the film peels
off, followed by the expansion of the peeled portion. This deterio-
ration behavior is gquite consistent with the behavior of paint films
‘observed in full-scale performance tests under actual conditions. -
Film abrasion behavior can be explained as follows. Pirstly, minor
defects ccocur on film surfaces. These defects inciude not ounly the
mechanical . damege caused by sharp sngled ice masses or other fleoat—
ing objects, bur also, due to the intrinsic nature of the film
itself, such as holidays. These defective portions, because of the
thin fiim, tend to have greater water permeability and oxygen per-
mesbilirty a8 compared to other ~sound part. |, Thus, the adhesion
streagth of the film in these portions decreases iy short period,
a&nd these tend to peel from substratum. Since these defects are
generally contsve, the compressed ice is liable to deform into it.
S0 the defective ares may easily espand due to the moving ice. It
was possible to confirm this kind of behavior from the occurence of
peeling in the notched samples and from the fact that after dipping
in saline water the blistered f£ilm easily peeled off. _
On . the other hand, sbresion resistance and adhesion strength ave
shown in Table 40 From this table, it can be conclided that the

ebrasion resistance of samples has relation with the adhesion
strength. . - -

_ ‘5. FULL~SCALE. PERFORMANCE TEST
5-1 TEST METHOD :' |

During each og_;he"?uji";;_ five Antarctic vcyage.s,. carried out from
July 1978 to May 1983, full-sesle tests were carried out on a 400 me
area of the bottom. After each voyage, '
estigated, and f£ilm thickness and surfa

Fig. 8 shows the test area,
bow, along the draft line.

-£iim deterioration was ip-
& ce Toughness were measured.
which extended from the bortom of the’
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5-2 TEST RESULTS AND EVALUAYTIONS i
. i
The results on visual observation of paint f£ilms are shown in Table
3«  Measurement results of film thickness are shown in Fig.-9. An
example of the. detericration of the paint film sfter g voyage to the
- Antarctic is shown in Photo 2. It appears that the forward sareas
suffered more severe damape than the widship areass. Also, the paint
film slightly below the draft line showed more severe damage then
‘other areas. Most of the paints sampled showed deterioration of the
film, indiceting that damaged areas become larger as - time elapres,
The two kinds .of £film deterioration observed were peeling and
rusting., Numerous minor cracks were noticed through observation of
Tusting. Thus, two kinds of deterioratien are’ considered to occur
consecutively and seem to be closely related. 1In any cise, no tenw
dency of gradual decrease of film thickness was noticed. Both minor
cracking and miner peeling oceurred im the £iim were . gradually
‘becoming larger. These results were satisfactorily consistent with
those of abregion tests. Nonsolvent type epoxy based ice~registant -
paint showed to be superior in resistance. It was also confirmed
that conventional paint films peeled and rusted in many areas within
a short period of time. N ' _ P

i

6. PROCEDURES FOR APPLICATION OF ICE-RESISTANT PAINT

Test results for various jice~resistant’ paints show that paint with
& superior performance ‘tends to be 4. nonsolvent type.  Since they
. must be applied.almost immediately after ‘mixing (they have & very
short pot 1ife);, an ordingry painting #pplicator cannot be used,
The applicator should be of the dusl flow type, allowing the basie
component and hardener to be sent at a required ratio to the mixer
located near the spray gun. Also, since ice*r_esistant.paitzts' have a -
higher viscosity than that of other types of paing st  smbient
temperatyre and sre thus havrder to atomize, they should be heated

" tp decrease their viscosity before spraying.’

- Since paint film' performance greatly depends’ on both the mixing
ratic of the: basic component and hardener and the mixing function of
the mixer. Only ‘mixing ratio errors of up to %5% are allowsbie.
' Any errors beyond these limits mdy adversely affect film perform
ance.  Also, it Ais necessary to use mixzers with division layers (an -
index showing mixing function) of wmore thanm 1060, Using the appliw
cators whith has allowsble efrors im the mixing ratic and mixers
with ‘enough -division- layers, the specified “film performance can be
" obtained. '
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7. CORCLUSION

The above covers the perfarmance of xcewxesxstant paints, and the
sumary of results detained in as follows.:

D

(2

&)
(&)

(5)

(1)

(2)

(3)

(&)
(3)

(6}

A test method was established for friction property evaluation.
The ice-resistant paint film greatly contributes to decrease of
forces due to friction. Friction decreasing effects are
greatly varied by paint surface roughneas, hardness, and hydro-
phobicity. in other words, paint film with 2 swmooth surface,
adegqusate’ hardness and hydrophobicity ie effectzve in reducing
friction. Q

Effects of prevention icing\. die clearly reiateq to hydro-
phobicity of paint film surface, and ice-resistant paint is
extremely effective in preventing icing.

The durability of -ice-resistant paint was confirmed through

" actual ship tests of five years.

As for aebrasion resistant prope:ty, evaluation test method was
also established. By using the ice abrasion test apparatus,
the abresion resistsnce of various paint filme could be
evaluated im the laboratory, and correlation with actual ship
tests were confirmed. The paint film deterioration behavior
was observed as & process, that was not gradually loosing of
paint film thickness due to ice-abrasionm but gradual develop“
ment of film defects, which were initiaglly existed in the wicro
portion of paint surface.

In case of applying nonsolvent type ice-resistant paint, the
dusl flow type applicetor, the special coating machine, has to
be used. About the performance of coating machine, the terms

‘to be accepted for meking effective paint films are clarified.

i
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NEW ANTICORROS?VE PAINTS *

Th, N. SKOULIKIDIS andKE. VASSILIOU
National Technical Univetsity of Athens, La-
boratory of Physical Chemistry and Applied

Electrochemistry, Athens-106 82, GREECE

ABSTRACT

A new type of anticorrosive paint has been produced
where the pigment is not a sacrificial metal less noble
than the protected substrate or paint with dipole mole-
cules or with great electrical resistance, but pigments
matal oxides with intense n-semiconductor properties.
These pigments by offering electrons to the protected
substrate metal protect it much longer than the usual
’ pract@ce. Thé n~semiconductor properties are given by -
preparing metal oxide pigments with anodic oxidation.
The tests have been carried out in a laboratory scale
employing the weight loss method rather than electrical
measurements that have been proved unreliable.

RESUME

Un nouveau type des peintures anticorrosives a é&té
produit ol le pigment n"est pas un metal sacrifié moins
noble que le metal pour protection ou peinture avec des
molecules dipoles ou avec une grande résistance électri-
que, mais pigments oxydes des metaux avec des propriétés
intenses n-semiconductrices imposées. -

Ces pigments en offrant les &lectrons au metal le pro-
tdgent plus longtemps que la pratigue d”aujourd”hui avec-
d"autres types des peintures. Leés propriétés n-~semicon—’
ductrices sont imposées en préparant comme pigments les

oxvdes des metaux avec oxydation anodique sous des con-

- ¥batent No 67384/3-7-81
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ditions appropriées. Les essais ont &t& faites au labo-
ratoire en employant la méthode de la perte de poids et
pas par des mesures électriques qui sont prouvées non-
reliable.

INTRODUCTION

As it is known the effective factor in the anticorro-
sive paints are the properties of the pigments in the po-
lymeric support. The pigments act either as electron do-
nor [sacrificial Zinc {Zinc Rich Epoxy), Aluminum of Ma-
gnesium powders] or by the polarity of their molecules
and the electrical resistance of the system {Coal Tar E~
‘poxy}, or only by the electrical resistance of the sy~
stem {Chlorinated Rubber}. It is obvious that the more
effective gystem is the electron donor system which is a
type of cathodic protection. On the .other hand it is
knownr that the passivation of the metals is due tao the
n~semiconductor properties of their corrosion - products
(mainly oxides). Combining the two above mentioned facts
we thought of preparing pigments of metal oxides {some of
them are already used for thlis purpose) with pronounced
n-semiconducting properties. To accomplish this we em-
ployed preparation conditions for these oxides that in
previous works of ours were found to offer intense cata-
lytic nusemicondup;or properties, that is by anodic oxi-
dation of powder metals such as Alp03, En0O, Fer03. These
oxides were prepared under different density and prepara-
tion time and were hixed with the epoxy support and were
tested ag protective coating for mild steel in artificial
sea water at 30°C for two months in comparison with bare
specimens and 2inc Epoxy (90% Zinc powder) coated speci-
mens. : :

The measure of corrosion was the weight loss because
it was found that the electrochemical prediction of cog-
rosion compared to the weight loss results ig wrong. |

" Thus the anticorrosive properties of the pigments we-
re optimized., - '

. It was found that the best anticorrosion behaviour was
shown by the Zn powder-oxidized by a current density of
1.54/dme, for 90 min at 28°C and with a content of 20%
in the epoxy vehicle; it shows the same protection as Z.

R.E. (30%),

The use of these pigments has the following advaﬁta~
. ges’: ' - '
- long term protection compared to the 90% Zinc epoxy
commercial paint, due to the sacrifice of the Zinc pow-
der during protection for the latter.
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1. EXPERIMENTAL AND RESULTS
1.1. Materials, Shape and Dimensions of Specimens

The steel specimens 5X7cme were cubt from steel sheet
of thickness 0.25mm., The steel conformed to the follow-
ing nominal composition in wt-%: Fe 89.28; C 0.12;:Mn 0.5;
s 0.05; P 0.05. : ' :

“As corroding medium a static bath of 3.5% NaCl solu-
tion, thermostated at 30°C by a/girculating thermostat
was used for a period of two months. :

The paint vehicle was epoxy resin and the following
pigments at different concentrations in wte% were used:
Zn0, Fey03, Fe30y and ZnG on Zn powder. The powdered o-
xides and the metal powder were analytical reagents.

The specimens cleaned, weighed and marked were paint-
ed by brush and the average thickness of the dry epoOxry
coating was 70um. A painter”s holiday was always left
on each specimen.

Ten specimens were used for each experiment to ensure
reproducibility of the measurements.

The electrical measurements taken were V-t {potential~-
tinme) and v-i {potentiostatic polarization) using a SCE
{Saturated Calomel Electrode} as a reference electrode.

dne of these specimens were connected to a potential
recorder that recorded continuously the potential for
the span of the two months that the experiment lasted.
The Y-1i experiments were made by a potentiostat at 30°C
with a stepwise procedure. At the end of the 60 days
the specimens were removed, washed with water, left in
the thinner of the resin and the paint removed by a ple-
xiglass tool, the oxides removed by inhibited hydrochlo-
rie acid, washed with water, alcohol, acetone and dried.
The specimens were weighed for the welght los5s experi-
ment that iasted two months (60 days).

‘2. RESULTS
2.1. Weight-~loss Measurements

The weight loss measurements are shown in the follow-
ing table {Table 1). .

2.2, V-t Measuxements

The electrical measurements V-t for the above éxperi*
ments are shown in ?igf 1.

L]
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TABLE 1 .
Weight loss in g of metal specimens after
2 month immersion in 3.5% NaCl at 30°C

. Blank with
Blank spec. epoxy coa~
ting
1 0.8631 0.3665
g 2 0.6567 0.3079
f 3 1.1863 0.3567
4 0.8466 0.3309
5 0.8747 0.2419
6 0.6342 6.3163
7 1.3702 0.3313
8 1.3346 0.4372
9. 2.1098% 0.3961
10 1.2177 0.3532
Average 0.9982 0.3438
St.Dev. +0.0940 $0.0527
v o1 .
Vs
SCE | ' :
(V) 06} ' 1

0 2 4" 24 72 120
| Fig.1. V-t diagram for steel specimens
| at 30°C in 3.5% BaCl solution: a. Epo-
xy coated:; b. Bare steel specimens. '

*On this specimen V-t measurements were taken for 2 months.



338

NEW ANTICORROSIVE PAINTS

2.3, V-i Measurements

The V-i measurements of the specimens are shown in
Fig. 2.

20t ’ ' o

(V)12 3
0‘4
- 0.4}

-12

-2_0 k. k. Il FY i i I
- 04 0 04 08
i{mA)

Fig.2., V-i diagram for steel
specimens at 30°C in 3.5%
. NaCl soliution: '
- a. Bare, b. Epoxy coated
. specimens.

The weight loss measurements for a pigment concentra-
tion in the paint of 30% are shown in the following ta-
bie {Table 2}.

The V-t measurements are shown in Fig. 3.
The V-i measurements are shown in Fig. 4.
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Weight loss in g or painted steel specimens after 2
month immersion in 3.5% NaCl solution, at 30°C

NEW ANTICORROSIVE PAINTS

TABLE 2

30% FeZOB Fe304
1 0.4291 0.1034
2 0.4594 0.1078
3 0.5096 0.0964
4 0.4375 0.0843
5 0.4888 0.0800
6 0.3624 0,0962
7 0.3236 0.0948
8 0.2466 0.0939
9 0.3951 ©0.1324%
10 0.3823 0.0918
Average 9.4034 M 6.6942
St.Dev. £0.0793 +0.0085
Protec. 50% S 890.5%
Al,0, Zno
1 0.1823 0.2795
2 0.1872 0.2703
3 0.1788 0.2458
4 - 6.1768 0.2638
5 0.1583 0.2508
6 0.1761 - 0.2355
7 0.2189 0.2158
8. 0.2017 0.2742
9 0.5695% 0.2236
10 0.1493 0.213%6
Average 0.1810 0.2473
St.Dev. +0.0208 +0.0245
Protec. 81.2% 75.2%

*On this specimen V-t measurements were taken for 2 months,
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. V 10- . ‘ N
Vs _ i
ot
SCEQB /_—-—4 .
[ g, S
.€V)05,c::::::1pnw—~ 3 ;
QAar 1
L) 4
Q2 —r-_ - ’
1 Y #\ &\ x +
O e 4 24 72 120
tn)

Fig.3. V-t diagram of steel speci-
mens painted with epoxy paint and
30% pigments:

‘1: Fe30y, 2:Al303, 3:Zn0, 4:Fej03.

2‘0" T ¥ T T L3 T L ‘.«-

V),

o4r
-C4ar

~1,2%

e 20 b s
- =04 0 04 08
: imaA)

Fig.4. V-1 diagram of steel speci-
mens painted with epoxy paint and

30% pigments:

1t Zn0, 2: Al,03, 3% epoxy paint,

4: bare,

341
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The results of weight loss for 2n ﬁowder at 30% wt-%
in the epoxy are shown in table 3 compared to the ones
with 90% concentration.

TABLE 3

Weight loss-in g after 2 wmonth immersion
' in 3.5% NaCl solution at 30°C

_ Zn 30% | 2Zn 90%
1 0.0587 0.1388

2 0.0630 0.2233

3 0.0539 0.2040

4 0.0375 0.1866

5 0.0767 0.1927

6 0.0488 0.2401

7 0.0427 0.2961

8 0.0582 0.1376

9 0.0524 0.1357
10 0.0264 0.1455
Average 9.0518 0.1900
St.Dev. 40,0140 'zg.o531
Protect. 95% 80.9%

The weight loss results from the oxidized %n powder
under anodic oxidation conditions (1.5 A/dm?} are shown
in the following diagram (Fig. 5) compared to Zno, to
“4n(m} 30% bare and the plain epoxy coated specimens.



NEW ANTICORROSIVE PAINTS

¥ i ¥ 1] i 1 El ¥

15 30 45 60
‘ - t{days).

¥ig.5, Corrosion rate of steel sgpecimens
in 3.5% NaQl solution at 30°C painted
with Zn0, Zn and ZnGelect., compared . to
corrosion rates of bare metal and epoxy
coated metal.
_ a, bare metal, b. 30% Zn0, ¢. epoxy coa-
i . ted, d. 30% electrolytically prepared
b Zn0, e. 30% Znmetal-

3. DISCUSSION

If we assume that changes in corrosion rate are chief-
1y due to changes in anodic polarization, so that a more
noble corrosicn potential indicates a lower corrosion ya-
te {C)} from the measurements of the potential of the
blank or painted specimens as a function of time (Figs 1,
3} we can conclude that the corrosion rates are of the
following order: '

(Fig. 1) Coorrosion blank epoxy painted
(Fig. 3} C;, . = C z C

Fe,07 ~ Czno % a1,04 7 CFes04- |
From the V-i measurements (Figs 2,4) we can conclude:
{Fig. 2} C

z C

biank i Cepoxy bainped

{Flg' 4 “brank ~ epoxy 2 Cano * cA1203
But from the weight loss measurements (Tables 1,2) we
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have that the order is the foliowing:

(Table )" € 1ank > Copoxy painted o

(Table 2) Cpeo0, ” Cono ° €a1,05 ” Cresoq

This discrepency implies that the corrosion rate as
it is resulted by electrical measurements is an ambiguous
way to ‘check the metal corrosion behaviour and the weight
loss measurements is the only mean to check this beha-
viour. fThe corrosion rate is significantly affected by
¢athodic polarization.- .

In previous works {1-3} we argued that the presence of
holders or powders or polymeric materials in contact o
the metal affect the electric field in the neighborhood
of the specimens. Also the electric measurement per se
influences the corrosion rate of the gpecimen.

In Table 1 we see that the epoxy paint offers a slight
protection to the metal,

In Table 2 we have the weight loss or protection of
the metal by some typical n-semiconductor oxides employed
as pigments in the paint. It is a well egtablished fact
that Fey03 and Fe304, 2nO and Al203 are n<semiconductors
{4} i.e. they have mobile electrons that are easily of-
fered. . '

The 30% pigment concentration in the epoxy vehicle has
been chosen after a series of tests where different con-
centrations or pigment were employed. {5) to test the
paint behaviour. These experiments showed a promising
anticorrosion behaviour of the paint at 30% in pligment
concentration. :

. The protection mentioned in Tables 2 and 3 is derived
by the comparison of the welght loss (W.L.)} of each type
of painted specimen to the W.L. of bare steel. We -also
notice that the epoxy paint with no pigment protects the
metal more than the Feé303 at a 30% {(wt) pigment concen-
tration in the epoxy. This is due to a high concentra-
‘tion of pigment in the paint and to conditions of overproe
tection. A lower pigment concentration shows protection
as it has been found in another work {3). '

In Table 3 we see a comparison of weight loss when as
pigments have been used Zn_at 90% and 30% concentration.
For the period of two months at 30°C the protection by
the lower zinc concentration ig better. After the two
months it will diminish and will not protect the metal
and the opposite might happen {Fig, 5}.

In Fig. 5 we have a diagram where the protection of-
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fered bg zinc oxidised anodically {anodic current density
1.5A/dm¢ in a NaOH bath at 35°C with platinum cathodes)
at 30% pigment concentration, as a function of time i.e.
its correosion rate is shown. It is also compared to the
corrosion rates of bare metal painted with epoxy, with
306% Zn0C and with 30% Zn metal.

The protection of the Zn0 produced on the Zn metal
powder is attributed to its n-semiconductor properties,
enhanced by the controlled conditions of the anodic oxi~
dation. Zn0 has very good catalytic propertiss {6} be-
cause of its semiconductiviity properties. Thus acting
as pigment it releases its mobile electrons on the . sur-
face of the metal and gives a cathodic protection on the
metal. Tt does not act by metal dissolution, thus it
can stay active much longer than the metal pigment that
sacrifices itself.

This is shown in the dzagram where the protection of
zinc 30% at a certain time falls dramatically,the weight
ioss increases but the oxide protection stays almost
constant since it obtains the form of corrosion regula-
ted by a parabolic law.

&, CONCLUSIONS _,f

By employing eleciric measurenents V-t and v-i we
cannot predict corrosion of steel either blank or paint-
ed with epoxy paints. A generalized explanation for
these electric measurements is presented based on the
disturbance of the spontaneously established eleciric
corrosion field. .

The use of weight loss measurements as a measure of
corrosion 1is established., The especially proposed n-
semiconductor metal . oxides can, as plgments in the
epoxy vehicle, replace the metal powders in the anti-
coryosive paints. The tested pigment is Zn0O electroly-—
tically prepared and its superiority consists on the
fact that n-semiconductors have a facility to offer e-
lectrons and this property does not change with time,
the same was that their catalytic propertles by elecw
tron exchange do not alter with time, but only slightly
because of fatigue. On the contrary in the zinc¢ powder
paints the metal.- (zinc¢} is sacrified and consumed dqu-
ring protection. :

REFERENCES

1. Skoulikidis Th., Vassiliou P. and Symniotis E., Br.
Corros. J., 14, 149 {1979).

2. Skoulikidis Th., Vassiliou P., ibid, 17, 142 (1982},

3, Skoulikidis Th., Vassiliou P., Balkan Chemistry Days,

-



346

NEW ANTICORRCSIVE PAINTS

Athens, 1980,

4. Kubagschewski 0., Hopkins B,: "Oxidation of Metals”,
Butterworths, London, 1953.

5. Vassiliou P., Ph. D. Thesis, NTU, Atheng, 1981,

6. Krylov O0.V.: "Catalysis by Non-Metals™, Acad. Press,
1970,



347

PERFORMANCE OF METALLIC AND NON-METALLIC COATINGS
IN MARINE COASTAL ZONE IN INDIA

A.B. Samuyi, R.K. Banerjee, Z)hiren;ira Kumar & C.P. De
Naval Chemical and Metatlurgical Laboratory
Tiger Gate, Ballard Estate, Bombay 400 023

ABSTRACT

The protection of metallic structures located in coastal areas is of
vital importance for technological as well as economical reasons. The
behaviour of various protecti&e systems at a particular site, depends
upon severity of environmental conditions including industrial pollution.
A study was undertaken at this laboratory to assess the periormance
of metallic and non-metallic coatings at the laboratory's exposure site
focated in Bombay. The place is characterised by presence of higher
hymidity, temperature and rainiall as.well as sulphurous pollutants.

Ariongst metallic coatings investigated, electropiated cadium, sprayed
zinc and aluminium afforded protection from corrosion for a period
of 84 months. Coatings based on tin, nickel and chromium were found
to be unsuitable for protection in view of their electrochemical nature
and porosity. Passivation of the coatings generally lmproved their
performance. : : .

Organic coatings system comprising epoxy zinc primer and epoxy {inishing
grey showed protection to mild steel for a period of seventeen months.
Phosphated mild steel panels -protected with organic .coatings were
found to be free from corrosion even after a period of 84 months.

INTRODUCTION

The tropical coastal surf zones, particularly those with high degree
of atmospheric salinity and pollution, are known for inducing severe
corrosion. Performance assessment of commonly used metallic as wel
as organic anticorrosive coatings In coastal environment has been
recognised as a long feit necessity and the tropical port cities with

.
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the growing Industrialisation is a case in point. The data on exposure
tests under such conditions has been published for ‘several port cities
in the literature. Mowever, since the performance of coating differs
from one environment to another, the need for genefating information
for important maritime cities of India has now been felt.

in order to generate data on the performance of various protective
systerns intended to be used in coastal locations, NCML undertook
a study of exposure of metallic and organic -anticorrosive coatings.

- This paper incorporates the observations on coating systems exposed

for a period of seven years in Bombay.

MATERIALS AND METHODS

Exposure Site

The exposure site selected for the present study is located at a distance
of about 25 kms from Bombay city, latitude I18.58°N (Figure 1). The
site represents a tropical marine-cum-industrial atmosphere having
appreciable amount of suiphur  dioxide.' The position for exposure
site was chosen about 30 metres away from the sea, ensuring the direct
spray of seawater on exposed systems. A summary of the meteorological
conditions for the site is given in Table L

Metallic and non—metallic coatings :

‘Protective systems based on* metallic and non-metailic ceatings for
commonly used substrate, mild steel {BS 970 EN 8) have been studied
in detail. ‘A few systems were also exposed on non-ferrous substrates
such as. zinc and aluminium. The observations were also made to ascertain

- as to what extent the phosphating of mild steel surfaces would improve

the performance of organic coatings.

‘Metallic cdatings investigated were based on their cathodic and anodic
‘behaviour with respect to the metais: These included tin, zine, aluminium,
cadmium and copperfnickel combinations. Organic coatings based on’
epoxy and chlorinated rubber resins were applied on bare’ as well as
metal coated substrates. In the present investigations, 400 specimens
were exposed including bare paneis of mild steel, zinc, brass and alumi-
Rium to evaludte their rate of corrosion at the site. '

Methods for application of coatings

Metallic coatings and phosphating on test specimens were prepared
in consultation with the manufacturers of these products. Prior to appli-
cation of coatings bare metal surfaces were degreased and pickled in
suitable solutions. Zinc coated specimens were prepared by electroplating,
hot-dipped galvanising and metal spraying. The coating of aluminium
was applied by metal spraying. Cadmium, tin, copper, nickel and chromium
were applied by electroplating. U

Few of the specimens with electroplated cadium and zinc coatings
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'
[ Figure 13
t peation of exposure site in Bombay, Latitude 18.58°N

_ _ Figure 2 ¢
A close view of exposure site in Bombay
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were passivated by acid dichromate solutions. Passivation of electroplated
tin was done in alkaline chromate solution. The mild steel surface was
phosphated by dipping in dilute phosphoric acid solution of primary
phosphates.

Organic coatings weore applied by brushing under iaboratory conditions.
On ‘metal coated steel and aluminium specimens, the surfaces were
treated with a thin coat of etch primer before. apphcauon of paints.
The paint systemns comprised of four coats mciudmg primer, undercoat
and finishing coats. The thicknesses of organic and metallic coatings
were measured by magnetic and B.N.F. jet respectively.

Specimens

The size of ilat panel specimens used for metallic coatings was 6"x4"x 18"
and for oganic coatings was 6"x8"x1B". Precautions were taken to ensure
as even a coating as posszble. Before exposure, all specimens were
degreased.

L i

Exposure of Specimens

The specimens were secured with plastic fasteners on racks supported
at an angle of 43° w0 horizontal, facing sea wind at a 3-3 feet above
ground level. The exposure racks were fixed on gaivamsed and painted
steel frames {Figure 2).

METHCDS OF ASSESSMENT
Salinity and sulphur dioxide

The wet candle method employed by Ambler [1] was followed for the
determingtion of atmospheric salt content. Sulphur-dioxide was feasured
by lead oxide candie in Stevenson screen. The data on ‘sulphur dioxide
and salinity for one year are given in Figures 3 and 4 respectively.

Corrosion

The performance of coated specimens were assessed by visual examination
at monthly intervals, as earlier executed by Hudson 2} No attempt was
made to measure thickness of specimens on their withdrawl since the
surface was generally covered with corrosion products of metallic coatings
or of base metal.

The rate of corrosion suffered by bare metals was determined by measur- .

.ing weight loss due to corrosion after cleaning with siripping solutions
at room temiperature. For mild steel, the specimens were immersed
in concentrated hydrochloric acid containing 5% stannous chioride and
2% antimony trioxide. Zinc was derusted by dipping in 10% chromic
acid solution. The solution used for aluminium and brass were ccncenzrazed
" nitric acid and 5% sulphuric acid respectively.
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: Table 1
Meteorological data around the exposure site at Bombay

Atmospheric Wet period Bry period’
conditions
Relative humidity, 72-82 55-65
percent :
Temperature, °C 18.0-30.6 25.0-34.5
* Rainfall, mm 3600 200
Total number of 166G 25
rainy days : :
Table 1I o

Corrosion rates of bare metals at exposuré site in Bombay

Metai Corrosion loss_of metal
mg/dm“/year

Mild steel 5325
Zinc 214
Brass 63

Aluminium CoAz
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RESULTS AND DISCUSSION

Both maximum and minimum humidity values at Bombay are higher
than the critical humidity value of 70% reported 1o be conducive for
corrosion of iron [3, 4] for nine and seven months respectively in a
year, Further, there is heavy rainfall {3,000 mm per year) distributed
over six months and the total number of rainy days is about 120 days.’
The maximum and minimum temperatures recorded are 34.5°C and
18°C respectively. The salinity of the atmosphere recorded was high
(average 2.4 mg NaCl/dmZ/month). The concentration of sulphur dioxide
is fairly high {average 27 mg 509/dm%/month). Strong winds prevalent at
the site reduce gaseous and suspended impurities from the atmosphere
accounting for lower values ohserved in some months. The site is, thus,
characterised by heavy rain fall, high humidity, fairly high temperature
and high degree of industrial sulphurous pollution favouring Increased
corrosion rates of metals. '

Corrosion rate of bare metals

Corrosion rates of mild steel, zinc, brass and aluminium are recorded
in Table Il It is seen that rates are much higher than the values reported
earlier [5] These variations in corrosion rates of mild steel and zinc
may be atiributed to the severity of corrosive atmosphere. The distribu~
tion of corrosion over mild steel surface was uneven. Brass and aluminium
were least corroded. The corrosion of the top surfaces directly exposed
to the atmosphere was found to be higher than the other side.

Performance of metallic coatings on mild steel

It will be seen from the resuits given in Table Il that electroplated
as well as electroplated-passivated cadmium coatings have performed
very iwell during the ‘exposure period of 84 months. Similar observations
have also been made on specimens coated by spraying zinc and aluminium
metals. The followings are the comments on the performance of each
type of coatings studied. L

Zinc coatings

The mild steel surface was coated with zinc metal at varying thicknesses
by employing different techniques of application. Electroplated {25
microns) and hot-dipped gaivanised (100 microns) coatings havé shown
identical performances. . Here the corrosion was observed only on the
edges after a period of twelve months. The spreading rate of corrosion
was very slow in both cases, covering 5% area in seventy eight months
(Figure 5a). The edge corrosion evidently was due to the defects in
_coating and subsequent tonsumption of zinc giving sacrificial protection
to the base. metal. Passivation of electroplated zinc coating rendered
no beneficial effects. No sign of corrosion of base metal sprayed with
zinc {125 microns) was observed at the end of 84 months of exposure
(Figure 5b). All zinc coatings, irrespective of thicknesses, have shown
surface roughness due to erosion of corrosion products by wind.
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Tabie Hi
Performance of metallic coatifgs during 7 years of exposure
in Bombay i :
Substrate Coatling Fhickness Mode of _ .&mrvatm in months
in application
microns Onset Since 5%
of " area
COrIosion corroded
Miid Steel Copper+ 25 + 15 Electroplating i i
Nicke! :
Nickel + 15425415 Electroplating L I
Copper + .
Nickel _
Tin 23 Electroplating 4 1
Zinc . 25 Electroplating . 78 84
Cadmium 22 Electroplating 84 84
Tin 23 Electroplating + 42 48
Passivation
Zinc 25 " 78 84
Cadmium L2 " &4 84
Zinc ’ 160 Hot-dipped 78 84
galvanising
Zinc 123 Metal spraying &s -1
Aluminium 125 Metal spraying 84 84
Zinc + 76 + 60 Metal spraying &4 &4
Aluminium \
Zinc Copuer + 30 + 20 Electroplating é 6
: Nickel
Copper + 30 + 26 Electroplating 6 6
Nicke! + 0.3 -

Chromium
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Aluminium and zinc-aluminium coatings

Metal spraved coatings of aluminium (125 microns} and combined zinc-
aluminium {70/60 microns respectively) have protected the surface
without any corrosion of thg base metal. ﬁowever, the surface roughness
was observed in both coatings.

Cadmium coatings

Cadmium coatings applied at a thickness of 22 microns by electroplating
_showed no signs of corrosion after 8% months exposure period {Figure
3¢}, Passivation treatment did not show diiference in protective behaviour
during this peried. The surface of the coating remained perfectly smooth
throughout the exposure period.

Tin coatings

Tin was applied as cathodic coating to mild steel at a thickness of
25 microns by electropiating. Corrosion of the base metai commenced
within one month from the date of exposure. The failure here could
be attributed to electrelytic action under humid atmospheres that initiates
in the pores of the coating. Porosity of the c::oatmg at the thickness
investigated is inherent and unavoidable.

Passivation of electroplated tin coating has shown considerable improve-
ment in the protective life. The passivated coating afforded protection
to the base metal for forty eight months. This improvement in protec-
tive behaviour may be explained on the basis of seaimg of pores by
passivation treatment.

Nickel, copper and chromium coatmgs

Nl{:kei, copper and chromlum were applied in varying thicknesses by
electroplating as cathodic coatings. Different combinations of these
coatings examined, failed within a span of cnemonth since the commence-
ment of exposure and were not considered suitable for the coastal
areas having comparable atmospheric conditions as the present exposure
site.

Performance of metailic coatings on zinc

The metallic coatings based on nickel, copper and chromium were applied
on zinc substrate. All systemns commenced failing within seven 1o nine
months thereby revealing their limited protective efficiency. Coatings
on zinc surface developed adherent, wide spots of corrosion products.

Performance of organic coatings
Coatings on mild steel -

The performance of organic coating systems on mild steel is given
In Tabie IV. All the systems under study have shown chalking on the
surfaces. Epoxy paint systems consisting of priming paint with zinc
dust showed marginally better performance of seventeen months (Figure 6}
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Performance of organic coatings on mild steel during 7 years of

exposure in HBombay

Coatirgs Thickness Observations in
it munths
microns

Onset of Since 5% area

corrosion corroded
Epoxy zinc chromate primer 96 13 15
{2 coats) +
Epoxy finishing grey (2 coats)
Epoxy zinc primer (2 COBLSY + 90 i5 17,
Epoxy finishing grey (2 coats)
Epoxy zinc chromate primer - 90 13 . 18
{2 coats} + .
Epoxy undercoat (i coat} +
Epoxy finishing grey (I coat)
Epoxy zinc primer (2 coats} + 90 15 i8
Epoxy undercoat {1 coat) +
Epoxy finishing grey {1 coat)
Chlorinated rubber primer 90 & 84
(2 coats) + :
Chlorinated rubber base weatherwork
paint grey .(2 coats)
Coal tar epoxy (2 coats) + 100" 84 5 84

Epoxy finishing grey (2 coats)
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than the system with zinc chromate pigment. Application of the under-
coat in both cases showed no appreciable improvement in protective
pehaviour. Loss of gloss was found to be very rapid in all exposed
systems. Coaltar epoxy paint as priming coat and epoxy finishing grey as
top coat have given the protective life exceeding a period of 34 months.
However, the bleeding phenomenon was observed as expected (Figure 7).
Chlorinated rubber based paints on mild steel showed a protective life
of more than 8¢ months and their rate of gloss loss was found to be
very slow. However, the occurrence of checking of this paint on the
surface limits its utility (Figure &) .

Coatings on aluminium

Four paint systems commented earlier with respect to mikd steel were
also applied on aluminium specimens. All the systems have ensured
a protective life of 8 months. However, cracking and peeling-off of
the zinc chromate pigmented epoxy top coat, bleeding of coaltar epoxy
paint and checking of chlorinated rubber based finishing paint were
© observed during the exposure period.

Coatings on metal coated mild steel

Metal coated mild steel specimens were painted with organic coatings
mentioned in Table IV with a view to reinforcing the protection and
to give desired colour shades. Three coatings namely, hot-dipped galvani-
sed zinc (160 microns), sprayed composite coating comprising zinc and
aluminium (70 and 60 microns respectively) and’ phosphated mild steel
together with organic coatings were studied. The performances of
these protective systems for the period of 84 months had been almost
identical as far as their corrosion protection abilities were concerned.
The observations in respect of surface defects of paint top coats were
similar to those commented earlier. '
i

Conciusions
The average annual corrosion rates of mild steei, zinc, brass and alumi-

niym, at marine-cum-indusirial site at Bombay, were found to be
5325, 244, 65 and 32 mg)‘dmz respectively. '

Amongst the metallic coatings exposed on miid steel substrates, cadmium
coating behaved most efficiently in respect of corrosion protection
as well as appearance. Sprayed coatings in the thickne§s vange of
{25-130 microns of zinc, aluminium and zinc/aluminium'—protected
the surface satisfactorily for a period of 8% months and beyond. Passi-
vation of electroplated tin coating improved the protection compared
to non-passivated surfacé. Copper/nickel/chromium coatings were not
‘considered suitable for protection of mild steel and zinc substrates
in environmental conditions prevailing at the site in view of their
cathodic behaviour towards base metals as well as porosity. :

The protection’ of base mild steel surface for a period of about 15-17
months was obtained by use of epoxy primers based on zinc dust and
zinc chromate, the latter being slightly inferior in performance. Chlori-
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»

nated rubber resin based paints, though imparted protection for a period
of more than 84 months, suffered from checking of the top coat. Bleeding
of coaltar epoxy coatings makes i1 unsuitable where decorative appearance
of the surface is a consideration.

More prolonged exposure studies are required to assess as to which
of the organic coatings on metal coated surfaces would be appropriate
for the coastal surf zones.
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’ /-
RESUME .

D'aprés les études fajtes dans la situation ol est situé
le laboratoire de Bombay, sur le fonctionnement des enduits métalliques
. et non-métalliques, caractérisés par la présence de la haute humidite,
de la température, de la pluie et des agents de la pollution sulphureuse,
on a eu les résultats suivants : le cadmium d'argenture &jectrique,
le .zinc pulverisé et les enduits d'aluminium ont protégé Pacier doux
pendant 84 mois. Les enduits d'étain, de nicke! et de chrome n'etaient
pas propres. Les peintures d'epoxy ont pu proteger l'acier doux pendant
17 mois et le traitement de phosphate sur l'acier doux a amélioré,
d'une  maniére géneérale, le fonctionnement des enduits organiques.

K
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INVESTIGATION ON LONG-TERM DURABILITY OF PROTECTIVE

COATINGS FOR STEELS IN MARINE ENVIRONMENT

IWAO MOMIYAMA* HIROSHI KURIYAMAX
TADAKAZU XYUNO** TSUKASA IMAZU**

* KANSAI PAINT CC,., LTD., 3-12+-] MINAMIROKUGO,
OHTA-KU, TOXYO, JAPAN
** FAWASAKI SYEEL CORPORATION, HIBIYA KOKUSAI BLDG.,
2=2-3 UCHISAIWAI-CHO, CHIYODA~KU, TOKYC, JAPAN

ABSTRACT

For the purpose of establishing long term durability of offshore
steel structures, ten-year exposure ftests and analytical investiga~-
tions were conducted at two locations on the Pacific ccast of Japan
from 1969 tc 1979. The vesults of the studies are summerized as
follows: ' '

At the splash zone, where the corrosive attack was found severest, a
long-lasting corrosion protective performance was achieved by the
following three coating systems; {a} a duplex system of epoxy zinc
primer’and two-pack epoxy coating, (b) an extreme high-build non
solvent "epoxy coating and {¢) a high-build inorganic zinge rich paint.
Such factors as the use of zinc-rich primer, the increase of film
thickness and the high grade of surface preparation contributed to a
remarkable improvement of corrosion protective coating systems,

The degree of the defect of paint films was found related toc the
corrosion loss of uncoated steel, of which the measurement of the
iatter would enable the durablity of coating systems to be estimated
to some extent.

EPMA analysis confirmed that a great deal of €1 existed in rast
layers under the coated £ilm, This fact may warrant the assumption
- that Cl-ion permeated through the coated film and a;gelarated the

corrosion reactlon under the film, k A

pans le but d’é:udier la durabilité 4 long terme des structures
marjitimes en acier, des essais d'exposition suy dix ans et des
&tudes analytigues ont &t& réalisés en deux endroits de la cdte
pacifique du Japon, entre 1969 et 1979, Le résultat de ces &tudes
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peut &tre résumé comme suit: . :
pans la zone d'&claboussage, 14 ot l1'attague de la corrosion a &té
observée comme 8tant la plus grave, un effet de protection anti-
corrosion 4 long terme a &8 obtenu au moyen des trois systémes de
revétement suivants; {(a) systéme duplex avec premidre couche &'ap-
prét d'époxyde-zinc et revétement &poxyde i deuxr composants, (b)
revétement &poxyde non-sclivant extrémement épais et {cj revétement
&pais de peinture inogarnique riche en zinc.

. Ces différents facteurs, tels que l'emploi d'une couche d'apprét
riche en zine, 1l'augmentation de l'épaisseur du film et la qualité
suparieure de la préparation de surface, ont contribué & 1'obtention
d'une amélioration remarquable dans la protection anti-corrosion de
ces gystémes de reviiement,

On a trouvé une relation entre le degré de défectucsité des £ilms de
peinture et la perte par corrosion de ifacier nonw-revétu, la mesure
de cette dernidre permettant dfestimer quelaue peu la durabilité des
systémes de rev@tement,

L'analyse EPMA a confirmé la présence d*une grande quantxté de C1
dans les couches de rouille présentes scus le film de revitement.

- e fait-peut confirmer 1'hypothése gue le ion Cl a pénétré & travers

le film de revétement,. accéliérant la réaction de corrosion sous le

film de protection. '

INTRODUCTION

To know the durability of corrosion-protective coating systems,
much research and field exposure testing has been conducted for
coated steel plates; for example, research on accelarated weathering
test methods and substitute test methods for laboratorially reproduc—
ing:the coating deterioration which may cccur in an actual environ-
ment, in a short period, and research 1} for measuring interfacial
" phenomena between steel plates and the coating and the electrochemi~
cal, optical and physical properties of the coating. Under present
conditions, however, these iaboratory methods cannot produce data of
sufficiently high reliability to permit determination of the durabi-
1ity of coating systems. Therefore at present, achieving a more
exact durability assessment. fequires a long-term test of exposure to
the actual enviromment. However, data obtained by long-term expo-
sure testing will play an important role in judging the reliability
of durability~assessing technology to be developed in the future.

Standing on these backgrounds, this research .was conductad for
.about ten vears Ffrom April, 1963 .to May, 197¢ in the marine eaviron-
" ments, which are Chikura Beach of Chikurawcho, Awa-gun, Chiba Prefec-
ture {hereinafter called Chikura) and Chiba Ironworks Beach of
Kawasaki Steel Corporation, Chiba City, Chiba Prefecture (herein-
after called Chiba). To confirm the relation between test environ-
© ment and corrosion and deterioration bebavior of varipus steel _

' .plates and coating systems, measurement of the amount of sea salt
particles and analysis of seawater weze conducted at, intervals at
" each test site.

A
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Taking into consideration the types of environments in which marine
structures are installed, the environment of the actual exposure
test was classified into four zones: atmospheric, splash, tidal and
submerged zones. In each zone, specimens were installed separately.
These exposure tests employed eight kinds of steel plates which had
been used in marine structures and harbor facilities,

The corrosien-protective performance of coated film may be greatly
influenced by varicus factors, including surface condition, that is
the degree of surfacde preparation of the steel plates, the welding
and shop primer used in the assembly and erection stage of the
marine structure or cathodic¢ protection afier installation, ag well
as the characteristics of the coating material itself, Therefore,
thegse tests used coating systems combining as many of the above-
mentioned factors as possible in appliication to various steel
plates, to investigate their znfluence on the coxr051on~pxetect1va
coating performance.

During ten years exposure, test operations were restricted mainly
to observation of aging appearance and photographing, to held coat-
ing damage to a minimom, After exposure tests, various measurements
and analyses were carried out and the relation between the exposure
environment, the coating system and the corrosion-protective parforw
mance of the coating was analyzed.

EXFERIMENTAL PROCEDURE
- Specimens:
Table I shows the chemical composition of steel plates usged.

rable 1 Chemical Composition of Specimen

2. Ctwt %)
§tee1 l We.| ¢« &1 Mn. P 3 Cu Ni Cr Mo m:' v
#¥ild Steel B ] O.ES L 0.03 ) 0,.81]0.03450.034
sheet Pile . A2 0.25§0.03|0.423:0.01110.02310,32 {0,010 0.01 |0.002
High Strength A3} 018 {0461 1.4 10.019|0.012 310,01 9.01 0. 02
Steel A4 {}.1.4___0,34 1.23310.015{0,014 (0,03 | 0.09 | 4.04;0.004 T10.03%8
Atpospheric B5 | 0.1010.33] 4.62{0.068]0,03% |0.33 | 0,33 0.27 0..023
Corresion Ao | 014 :0._33 0.8310,026i0.018 0,34 | 0. 245 0.28 G.G}..‘é
%esistant Steel A7{0.11 | 0.42 0.5010,046(0.01210,25 ] 0,14 | O.18 (}.560 £.016{0.027 .
_Sea. Water .
Corroaion insloaz]ons! 0.8110.088]0,019 0.49. _0.4?
fiesistant Steel ' ) P Efi

¥ N . e S
Size of uncoated specimen is 6~8 x 50 x 100 (mm). <Coated specimens
consist of three types of shapes and sizes as shown in Fig, 1
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woproxtanraly 10 On both surfaces of specimens,
b scratches reaching steel plates
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Fig. 1 $hape and Uimengion of Coated
Specimens {mm}

{Note} The ratio of area botwesn zine amode and
-] éato be provected is approsimately
2150048,

Coating systems:

Table 2 shows experimental factors and levels adopted in coating

systems,
Table 2 Test Plan
Trenuy bval Favter Leve}
- Wi stenh 3] Ganl-tay Ryowy §200umb
" ¢ Bite F2 Coaletey Epoxy (S00Ue
] N 73 Uhaloknr Eposy [1.805|m
. gt et Serength Skeq) 4 By [1Efm)
At Fenl a ¥5 High Suild iy {Gelum)
mu Atpespheric Carrosion Eed Polyamida Rizewy 4 42, S8um;
ot BAELELank Fraet i vityl {1Styer
s Ses Water Cors, Resist. Seesd Fi Thicginated fubbor $h80un
2 H 0
B et last Cleaning T Padnd 34 FpeMy Nodifled Talpgrechand (200umh
o st e Sand Took Chemning - #14 Podyvehzhane (A0
2 220 -
N i B 1+ fpoxy Bipeevleh frimer (ESamd 11 Coal-tng Palyarethang | s
ration
P B B3 + Welding « B2 Fi2 | #hedol Arg (235um
* 55 Guat_Bimst Cleaniny + Dine bpray {Phum . E3e 1 Invrganic Hinc-rich Paine (Mpp)
" - oy . = EE4 D Vikgd Bowder {300um)
G s ] Shibe {115 | powy peuder f200umt
BE REnoapharie fone K ElE ok NoLh Ty Pugznieum Aain Faknt {1,000mp
* FI7 | sane i .
[H3 Spiash Zone
"] ta fona . = H]
b Tidnk Bomn [Watel %) SSgaian™ cless
. D6 | Submeroed fone : 2 GOugsmnt clasa
£e Smerificis) | BL | fino Ancde *3 sk’ claa
Froeey B2- | bone . *% Coppound b6 bo apphied and cured ondor water
e

Table 3 shows the actual coating systems. As for coating method,
airless spray coating, electrostatic powder coating and hot dip
-coating {approx. 120°C) were used for epoxy and inorganic zinc-rich
primer, epoxy powder and petroleum resin, respectively. Othey types
of paints were applied using a brush.



Tahle 3 Coabing Systems

B Coating System 'l'::’e;:\laii:.:ml
1 P {obem x 2} - . FEE
*2 {120 2 4) B 480
pxl TE (140um x F) - 4Bl
T4 BZP (P54 x 5} + TE (100pm w 23 . 1%
#1 Ep-pr.iSium x 2F + BF {dDpm x 2} - ish
#2 BZP {15 % 1} + EP~Pr,{6Cim x 4} + BF {40um x 2} 138
3 HitpePr. {B0me % 3} + HEP {B0upm w 53 11
B4 B Compound {2500um x 3} 2500
Vi Viebr, (30um x 3+ W {30um x 2} 150
w2 BZy (15w x I} + V-Fr.{30um x 2} & VY {30um x 2} 165
) CR-Pr. {40y x 3} + CR {(%um x 2 190
©2 wap {15 x 1) + CR-Pr . {d0km x 3 + CR 435um x 3 205
o3 Zine Spray {75m) + Eteh.-Pr.{304m x 1} + 195
ey {40um 2 )} + R (35um x 2)
Bl f PU-Pr. (5O x 2) 4+ PO (4Tm x 1) {Epoxy Modified) Fi
uz PI-Pr. {(5um x 23 4 PO {4Dmm x ) 180
93 EZP (ifjuw x 5} + PO-Pr.(SGum x 2} + B0 (40pm x 2} 1%5
Th TY {10Dum x I} 200
" ¥inc Spray {¥5um} + Btoh. «Pr.{l0ym x }} + 200
i PreBr, {35um x 37 o+ BH-MEC {§0um x 2}

2% FEP (ESum x 1) 4 EEE {7Spm x I} 80
B2 1EE (FSum = I} k2
L3 EP-Fr. {10 2 I} + Webowder {M0m x 1) ne
P EP-Fosder (I0um x 13 . 2K
H1 Hot Melt Type Petrolews Reain Paint (1000 x L) 1000

(Note} TE: Cosl-tar Epoxy, FAP: Epory Sinc-rich Primer, £8 Epoxy,

© Pr.r Primer, MEP: #igh Buiid Epoxy. V¥: winyl.
Er-Compoynd: Polyamide Bpoxy, Under-Water-Hardening Type,
CR: Chlorinated Adhber, Eich.+Pr.: Etching Primer,

Py Polyurethane, TU: Coal-tar Polyursethane,

Fa fhetiel, Mi0: Mlcasious fron Oxide,

IZP: Inorgande Eine-rich Primer, VY-Powdar: Vinyl Powder
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Ef-Powderl Rpoxy Powder

Specimen positioning and environment:

Fig. 2 shows the positions of specimens of Chikura and Chiba.

ﬂl— Arposheric fone
Sea Side I

E870

50 . 2}‘} %.W.L
1,300 B ’i?
Tidal Zone
1, GOD
LWL

[! i E-;uhmerget!

Chixura Chiba

#ig. 2 Position of Specimens (mm)

1,370 I Sea Shore Hide
” . fplash Zome
4

The amounts of sea salt particies
measured at the positions of
specimens in atmospheric zone
wera 0.6 - B.6 mg/dm3~day at
Chikura and 0.8.4.2{5 mg/dm?+day
at Chiba, much less than that of
Chikura, which facas the open
sea.

As for quality of seawater, it is
well known that 1 concentration
and dissolved oxygen content are
reduced, COD increases, and the
composition ratio of the seawater
component changes as the pollu-
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tion advances 2). At the early stage of the exposure test, the
seawater of Chiba showed 2 notagla reduction in €1~ concentration,
increase of COD, presence of NH, and NO changes in the composi=-
tion ratio, proving it to be pofluted wa%er. However, concentra-
tions of C1 and SO, increased as time went by,” and the degree of
pollution was reduced at the late stage of exposure. According to
the analytical result, the seawater of Chikura can be

congidered clean.,

RESULTS

Test results with uncoated specimens:
Weight Loss {mg/cm?}

o 1,008 Fig. 3 shows weight loss of uncoated mild
steel in each test zone at Chikura and

} PIERTT T 7]

| #ene A——— . Chiba,

splash %mm_' Cencerning rust condition, at Chikura, an

Tidat Zane ) Chikora approx. 5 - 10mm reddish rust layer was
% cnm formed on the e¢ntire surface of each

Submerged @ steel. However, no differences in rust
. appearance were observed between steel
6 1 2.0 + -
Aversge Dacresme in Thicknens FTOGE8. At Chiba, an approx. 2 = 3mm
tmn,, Cne side} reddigh rust layer, containing some yellow-

Ply. 3 'gig?;:hag::toaﬁm steel igh rust, wag formed on the surfaces of
. {after 10 years exposure; Mild steel, sheet pile and high strength
o steel. This rust layer was fragile and
poor. in adhesion, while black-brown rust, formed on atmospheric
corrosion resistant steel and seawater corrosion resistant steel,

had good adhesioh, forming no laminary rust as observed on mild

gteel, -

‘Fable 4 and Fig., 4 show waigh't loss and average decrease in thick-

ness of unccated specimens cbtained over ten yvears in the atmos-
phexric zone, : ' - .

At Chikura, there was only a slight difference in weight loss among
steel grades in any test period, For all steel grades, weight loss
was slightly reduced after three years had passed. However, even
atmospheric corrosion resistant steel did not form the corrosion *
restricting stable rust usually observed in atmogspheric corrosion
resistant steel in atmospheric zones at other sites.

For mild steel, sheet pile and high strength steel (A6) at Chiba,
corrosion increased rapidly until the third year, but had slowed
congiderably after the £ifth year. For atmospheric corrosion resist-

' antsteel and seawater corrosion resistant steel, there was only a
‘slight increase in corrosion after two years had passed. This means

that ‘stableé rust had formed over the two years. In terms of atmog-

‘pheric corrogion resistance, 50 kg/mm* class steel (A5} containing
- P, Cu, Ni and Cr was the best, followed by 58 kg/mm? class steel
- A7) _fzontai_ning Cay Bi and Cr, 350 kg/mm?® class steel (h6) and sesa-
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7able 4 Average Decrease in Thickness of Specimens
{after 10 years exposure, atmospheric zone)

Chikura Chiba
Avar, . Ave. . :
. Rat: o . Ratic ta
Steel Wo.|pecrease in Mildlgmel becréase in| 0o, o,
Thickness (% hickness )
H {men}
Mild Steel AL 1.90 100 1.06 . Reit]
Shest Pile ¥4 1.8% 93 0.76 71
A3 1.84 X o.86 81
High Strength Steel |7y 1.74 91 0,51 48
AS F.74 a3 . _D.}.? ie
srmospheric Coryosion 56 173 a1 - @20 5
Resistant Steel
AT 1.%3 Bl 0.18 17
Sea Water Corrosion | .4 1.74 o 0.32 2
Registant Steel - :

{Note} Average decrease in thickness {one side) is caloulated from
the value of weight loss. .

Chikura Al P

% 1,s00F 2.9 &
2 Chikura . 9
g B PO FUES- B
= e g
1,000 - 2 a
i I o
a L aae . st g 1.0 8 £
3 '\ o
Chiba Al & B
» B A B [ A
B Chiba A6 jo.5 24§
o g
$ e | &8
£123 5 10

Exposure period (vear)

Fig. 4 W®eight Loss of Mild Steel
{Al) and Atmospheric
Corrosion Resistant Steel
{a6} in Atmospheric Zone
at Chikura and Chiba

water corrosion resistant steel containing P, Cu and Ni (a8), in
that order, Corrosion of these steels was always 1/5-1/6 that of
mild steel.

w0
- Test results with coated specimens: e
- o)
Puring exposure, film appearance was cbserved and photographed in
the first, second, third, fourth, £ifth, sixth, eighth and tenth
years, Affer ten-year exposure tests were completed, appearance
examination, measurement of defect area {degree of defect, in % of
the entire surface area), surface hardness (pencii hardness}, visco-
elasticity and adhesive strength, observation by polarization micro-
scope, infrared spectroscopic analysis, electron probe microanalysis
{EPMA} and analysis of water in blister were conducted on specimens.
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(1) Results of appearance examination

Photo 1 shows coating deterioration after a ten-year exposure test
of typical coating systems at Chikura,

Test result of Chiba is omitted because it is similar to that of
Chikura. As shown in Photo 1, remarkable differences in corrosion
protective performance were observed, depending on corrosive enw
vironment and ¢oating system. :

Phote 2 and 3 show age deterioration behaviour of coal-tar epoxy and
epoxy films under each corrosive environment. In combination of
epoxy zinc~rich primer and epoxy, there wag only a little age detey—
ioration, and all specimens were in good condition. In & combina-
tioh of epory zinc-rich primer and coal-tar epoxy, however, a charaw
cteristic change in appearance was ohserved in each zone,

As film condition after ten years' exposure at Chikura {Photo 1)
shows, the types of film deterioration differed with coating system,
corrosive environment and test sitel

{2} Surface hardness

There was a certain difference among surface hardnesses after ten
years exposure at Chikura, depending on corrosive environment and
coating system., In the splash and atmospheric zones, surface hard-
ness values were higher for all coating systems than those in the
tidal and submerged zones. For goal-tar epoxy, the thicker the
coating, the lower the surface hardness value; this corresponds to
the results of viscoelasticity measurement mentioned below,

{3} Results of viscoelasticity measurement

The viscoelasticity of coalw-tar epoxy film from submerged and gplash

zones at Chikura was examined at temperatures from normal to 120°C,

As shown in Table 5, the thicker the coated film, the lower the

glass-transition temperature {Tg}, and all Tg were higher than the

initial Tg (63%C). There was only a little differedce in Tq between

. submerged and splash zones, the same as in the dynamic elastic mod-
uius. T

Table 5 Glass Transition Temperature (g
of Coal-tar Epoxy ¥Film
{after 10 years exposure, Chikura)

[hdet]

Film Thickness
{ym}

Splash Zonw

Submerged Zone

200
560
1,000 -

e
BT

%
13
6%

{kore}
- thickness

Ty before exposure waz $3°C at all film
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{4} Adhesive strength

in submerged and tidal zones, adhesive strength of coal-tar epoxy
coating on a shot-blasted surface was greatly influenced by filim
thickaess. At thickness below SOOum,adhesive'ﬁtrength was approxi-
mately zero, while being 45 kg/cm® or more at 1,000um., Epoxy on a
shot-blasted surface displayed éxcellent adhesive strength in all
corrosive environments. .

{5} Observation of cross section by polarization microscope
Photo 4 shows cross-sections of typical coating systems.

For coal-tar epoxy, the thicker the coating, the more yust was re-
stricted [1 and 2 of Photo 4); Seawater corrosion resistant steel
restricted rust more than did mild steel {2 and 3}. With epoxy
zinc-rich primer, no rust was obsexved {4}, With epoxy and inorg-
ani¢ zinc-rich paint, no rust was observed {5, & and 8). With vinyd
coating on shot-blasted surface, rust-blistering was observed (7i.

{6} Results of EPMA

Photo 5 shows the result of EPMA on cross section of typical coating
systems. As shown in Photo 5, in coating system 1, in which coal~
‘tar epoxy was coated on a shot«blasted surface, the rust layer con-
tained a large amount of chlorine. In system 2 using epoxy zinc-
rich primer and system 3 using epoxy, no rust layer was formed and
chlorine accumulation was not observed,

(7 Results of infrared spectrosopic analysis
Infrékéd spectroscopic anaiysis of typical coating systems showed
that no remarkable change had occurred in chemical composition duye-
ing the exposure test. ’
(8) Analysis of water in blister

raple 6 Re.sult of atomic Absorption rable & shows the results of

Spectro-photometer Analysis i .
of Water in Blisters anégysxs of water eszacted £rom
(epm plisters on coated £ilm. Compo-

e wa I Ce Hg nent ratio of water in blister
Waker in Biisters Giffered from that of seawater.
32,250 220 &0 10
{Coal-tar Dpoxy) : :
Sea Water - PR 200 i3
10,858 +
{Chikura} . b i &

TR
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2 5

10

P .
Atmospheric
‘Zone ’

[ RF7

splash -
Zone

Submerged
#one

Hild Steel + Shot Blast + EzP (15 pm) +

TE (300 {m}

Photo. 2 - Appearance of Coal-tar
- Expoxy Film (Chikura}

" Exposure Period {vearsy.

A IR

10

. Eplash
- Zane.

#ild Steel + Shot Biast ¢ E2F {15 um}
+ BR {320 pm}

Photo. 3 Appearance of Epoxy Film

{Chikura)
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§. Mild Hkenl 4 Elog BRaso + T (2005m), Suliedvged
g

2, Mafet Sracl + Shot lass 4 4% {H00y) . Submerged
Lo .

X, Gies Wates Corr- Besist. Sceel a Shobt fbase +
wF (5096}, Euhnezged e

4, Mg Dragb + Shot Ebast + EEP (EWpwE o+ TE 1200ywm:
Lulyrynel Zorn

5, #ild Stugl ¢ Shot Biast © BP §5ECpe), Submerged
Bone

B, HWikd Grepl 4 Shet flast & 22 [RRum) s+ B 4A20um),
Gubmergad Same -

7. Mk Sreel + Shot Blast o+ W L150em, Sulibrgad
et

. #ilS Steel + Ford Blast o+ DHP (Thami, Aceospherfis
Zome .

rhote, 4 Cross Scohbicon of Typical Codting Systems
. 418 pesrs, Chikubal

Secondary

Coating Syst
9 PYSEER lntectron Tmage

ss1

Coal-tar
! L Epoxy
{200 um}

Epoxy Zinc-~
rich Primer
{1% um} +
Coal-tar
Epoxy

§200 ua)

3 Epoxy
{180 im}

Mild Steel + Shot Blast

Phioto 5 Result of EPMA of Typical Coating
Systems {after 10 years expcsure,
submerged zone, Chikural
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DIISCUS SION
‘Uncoated specimens:

It is well known that in a seashore area, a longer period is re-
quired for formation of stable rust layer on atmospheric corrosion
resistant steel than in other areas 3}, %he influence of sea salt
particles or scawater splashes on corrosion mechanism of steel has
not been ascertained. However, it is supposed that corrosion accele-
ration and the delay in rust stabilization may be caused by destruc-
tion of the defacted portion of rust layer by Cl ions 4, 5), water
condensation by deliquescence of sea salt particles, and the promo-.
tion of rust reduction and reoxidation reaction by repeated dry and
wet conditi?ns caused by seawater splashes with high oxygen concent-
ration, . In these tests conducted in the atmospheric zones at
Chikura and Chiba, rusting was accelerated by airborne sea salt
particles and seawater splashes, and increased corrosion and delay
in rust stabilization were observed. In particular, the atmospheric
zone at Chikura, having so much seawater splash, was so severe an
environment, more iike a splash zone, that rust stabilization has
not been observed for ten years even on atmospheric corrosion résist-
ant steel, and there was only a slight difference in corrosion be-
tween steel grades.

At Chiba, stable rust layer was formed on atmospheric corrosion
resistant steel and seawater corrosion resistant steel in two years,
despite the considerable amount of alrborne sea salt particles and
seawater splashes. This may be because Chiba is located in a
coastal industrial zone, and is therefore polluted with sulfur
dioxide (80;), which has more than sufficient effect upon Fust
stabilization to offset the bad influence of sea salt particles or
seawater splashes 6}.

Coated specimens:

(1) Coating system and degree of defect

L]

1} Influence of film'ihickness

In general, the rate of under-film corrosion depends on the trans-
mission rate of water and oxygen 7). Therefore, it is believed that
film thickness has a great influence on corrosion protective perfor-
mahte, S0 that effective thicknesses of specified coating systems
and empirical equations of the relationship between durability and
film thickness have been suggested'@, 9, 10}. In this test, the
influence of film thickness was researched with regard to coal-taxr
epoxy through various examinations; as a result, a notable influence
was observed, :
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ey w g e Fig. % shows the relation between Ffilm
(mran one) ﬁ?fect énd thickness of coal-tar epoxy
stot iest film after fen years® exposure at
(Sposh Tone) Chikura. In the submerged zone, in-
crease in film thickness reduced the
QL shot. past {suhmerged Zone) degree of £ilm defect for both ghot-
t mjjngiwﬁ*wmﬂ plasted surfaces and hand-tool cleaned
TRt surfaces, In the splash zone, film
: thickness was observed to have a great
influence on shot-blasted surfaces,

Hapgd Poeel
(Suhmenged Bonel

Defect Ares {%f
B

FEi Thickness (bam)

Fig. & Relation bekween befect

#rea and Fiim Thickness while for hand-tool cleaned surfaces,
of Coal-tay Epoxy {aftor . X
10 yours esposure, Chixura} the severity of film defect was very

" high, regardless of film thickness,
in such a severe envzronment as the spiash zone, for example, film
thickness had very little influence if surface preparation was in-
sufficient, Film thickness alsc influenced surface hardness, visco-
elasticity, adhesive strength and thickness of under~film corrosion.
The result of infrared spectroscoplc analysis did not show remark=
able difference in chemical composition batween before and after
exposure. ¥For coal~tay epoxy, however, ‘surface hardness and Ty
after ten-year exposure were reduced with increase in film thick-.
ness, s0 it is supposed that elusion of the plastic component in a
coating differs according to film thickness.

2) Influence of coating system

Table 7 shows defect area of typical coating systems after ten
years' exposure at Chikura. Spoxy (El, E2, E3, E4 in Table 7) dis-
played excellent corresion protective performance in both the tidal
and submerged zones. Underwater hardening epoxy {E4) maintained
-goed corrosion protective performance even in the splash zone, dis-
playing the effect of super high buiid film (approx. 2,500 um).

Coated films of inorganic zinc-yich paint (%) and %2) were nearly
exhausted by zinc elusion in such underwater environments as tidal
and submerged zones, showing a high degree of film defect. 1In the
atmospheric and splash zones, however, nearly pezfecticorrosion
protective performance was maintained despite the layrge quantity of
chlorine was recognized in the film by EPMA For phenol MIC on a
zinc-sprayed surface (M1}, the degree of film defect after ten
years® exposure in the atmmspheg}c zone was zero, which proved the
excellent corrosion protective performance of this system, as is
evidenced in many huge bridges in Japan. :

¥
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mable 7 Defect Area of Typical Coating Systemns
{after 10 years exposure, Chikural
%)

sywten| suctace | coating syseen | MR st | e | e
Ti shot #last 1TE {200um0 a8 piu] El .3
T Hand Tool (TE {200m) 93 RS 4 -3
b ] shot Blast [E2P (1Sumt + T8 {200m} T8 109 8 : 5
14 :‘;i‘;;ml- E2p (35um) + T L200um - 20 1 8
31 Shot Blast |EP {180um} - B L2 1
B ghot Blast |Ep (iSpmd + BR {320um - o % 3
Ei Snot Blast | HEP {H40um) - 33 2 4
Ed shot Biast | EP-Compound (3500um) - i3 3.. 2
vi shot Elast | VY (350um) - EY; E F1a
v2 | 'Ghot Blast |EZP (2hypm + V(150U 3% 94 3 3
fi S shot Hiawt | CR {190um) - i) =] -
vz I ohot Biast [EZE (L) + CR (190um} - - b w -
TE _S'hot Blast | TH {200 a4 108 it a0
mi Grit Blast k:::;;ﬁ:‘};;my PR o - - w
Al sand Blost }Isp (ASumy ¥+ 2P (75umb] - 1 1 k1 og
2 Sand Blast | fE {75um) | )3 L 100 e
- Grit slast | gine Spray {78umi - C. 40 43 108

in coating systems combining epoxy zine-rich primer with coal-tar
epoxy, epoxy and vinyl corrosion protective performance was improved
far more than in other systems using no epoxy zine rich primer: in
particulaxr, combination.with epoxy produced excellent results. This
proves the superjority of coating systems combining epoxy with zine~
rich paint, which has been playing the main role in recent heavy
duty coating. For example, a coating system in which 200 um or more
or epoxy is applied over 75 um of zinc-rich paint may be expected to
have a durability of ten years or more.

as shown in Table 7 and Fii. 5, the defect areas of coal-tar epory
£ilm on hand-tool cleaned surfaces were much smailey than those on
shot-blasted surfaces, for film thickness of 500 um or less in the
+idal and submerged zones. As mentioned above, however, sufficient
surface preparation is basically preferable, considering that the
efficacy of f£ilm thickness cannot be anticipated on hand~tool clean-
ed surfaces ih the splash zone, '

Examination of coal-tar epoxy showed that the welded seam had no
effect on degree of film defect. However, pitting corrosion was
tocally obgerved on welded s\éam Therefore, it is necessary to take
tighten-up coating beforehandwﬁrior to ali-over coatind.
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3} Defect area by vear

Defect area by year differed according to various factors, including
coating system and corrosive environment. . '

Fig. 6 shows defect areas by year of coal~tar epoxy on shot~blasted
surface in splash and submerged zones. #As shown in FPig. 6, film
defect in the splash zone advanced at a faster rate than in the

1

SO0 @m, Splash Sane

00 = 203 i, Splash Bone

/ > 300 b, Splanh Tone - OO,

= . Splash Tong y.

- g L 000

z o BO00 1, Splash fone 50§ / Splash 2ane

§ s / Pl 4 # 200 un, sobmerges
o B o #one

§ 200 ym, Subsergod Zone ] SO0,
-]

00 um, Submargad fone Bubperged Hone

1,000 jm, Submerged Tone

p
/

7

//

Hio)

weposare Period fyear) Exposare Period (year?

Fig. 6§ Defect Area of Coal-tay Epoxy Fig. 7 befect Area of Sdnlwkar

Applied on Shot Blasted Milad : Epoxy Applied on Hand
Steel {Chikura) : Tool Cleansd Mild Steel
D (Chikurs) |

submerged zone, and film thickness was observed to have a styong
influence in all environments, On the other kand, for hand-tool
cleaned surfaces in the splash zone, film thickness had only slight
influence on deterioration rate, as shown in Fig., 7.

Fig. 8 shows defect area by year for typical coating systems using
coai-tar epoxy, epoxy and vinyl. The detericration rate of coating
system éombining epoxy zinc-rich primer and epoxy was much lower
than those of other ceating systems. - Ag shown in Fig., 6, 7 and B,
film defect advanced at a faster rate than ever when defect area
reached 5 - 10% for any éoatw _ e
ing system. Theysefore, it is:
appropriate to do recoating at
‘that point. In this report, it
is assumed that the. pe¥iod before
the defect area has reached 5% ig
the effective service life (dura-
pility), and the relation between
) E the time at the first sign of
Frpasier Foxied tronel . tils defect and the durability is
Conk-kax Epteey {200 Umt N $hm in Table 8. i

Epowy Fibwerish Brimer {ES el
+ Copb~ier Bpody [MH ey

gefest Arom (4}

|3

PO Considering the relation above in .
, * Spouy (186 m) ' Table 8 will permit estimation of
e Vingl {150 N -
— Eeouy Bhitr-rieh Prizer (13 um) durabllle to fair},y . high accura
¢ Syl 50 vat cy, despite some deviation,
Fie, 8 Defect hrew of fyplush Conting However, values in Table 8 are

Syavems Applied on Shot Blasted R
*#i1@ Steel {Spresh kone, Chikurs) for gpecimens whose coated films
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wabte B Reistion between the Time ab thi H 3 i
e B an on Pilm Defect aad the were scratched heavily, so it is
Durshitity of Film ecessary to note that effective
Thew at the Fiest Burability service life values given in
wore | sign of fitm Datect | Range | Avezaga Table 8 are quite & bit shorter
tyaar} tyear | {year; than would be the case with steel
Rald 12 i3 structures snder actual use con-
Epdash 2 -3 2.4 ditions .
Zona A3 4 4 *
23 S &
@1 3 6 5.7
Kidal Tone
ind o] .4
Sutmmrr et
3 L Lo i) 8.3
e
kL -3 9.5

{Hiatel  burability shows the tlme when tha defect
swea caer Lo 5u of the whole surfsce ams

{2) Film defect and test envircnment

Film defect is greatly influenced by environment. Therefore in
selecting a corrosion protective coating system, enviyommental in-
tensity and expected durabiliity of film should be considered for the
most economical use of coating systems. Thus, it is important in

terms of coating design to quantitatively understand the environ-
mental intensity beforehand.

Table 9 shows the average defect area

Table 9 Avorage Dafect aren of Specisns  of specimens at each zone in Chikura
, prioy ®  and Chiba. Howevey, inorganic zinc-
e P — rich paint and zinc spray systems were

o o e excluded because they were entirely
Spiash zans a4 g unlike other systems in deterioration
tidal By 4.9 %3 behavior. As shown in this table, the
Submorgad Bone a8 0 splash zone has the largest defect

s - area, folliowed by atmospheric, tidal
; and submerged zones in that order, at
poth Chikuya and Chiba.

This result agrees with the meagurement result of uncoated steel
corrosion in Fig. 3, in tendeney. Defect areas of the tidal and
submerged zones at Chiba were larger than those at Chikura, presum-
ably because the number of organisms adhering to the coated €ilm was
greater at Chiba. In the atmogpheric zone, Chikura showed a larger
defect area than Chiba, mainly because the spiash volume of seawater
and irradiation of witrarviolet ray were greater at Chikura.

{3} Effect of steel grade on film defect

In tidal and submerged zones, steel grade had only & siight effect
on fiim defect. Therefore, coating systems ecurrentiy adopted for
marine structures are readily applicable for atmospheric corrosion
resistant steel and seawater corrosion resistant gsteel. As shown in
thoto 4, seawater corro§ion resistant steel restrained corresion
under its coating more than 8id mild steel. Thus, it may be neces-
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sary to select the most suitable steel grade in taklng coryrosion
protective measures in the marine environment.

in the splash zone, rust widely prevailed from scratches, and defect
areas reached almost 3100% after ten years exposure, presumably
because scratches were too long; therefore it was impossible to
recognize the actual effect of steel grade on film defect.

Table 10 Defect Area of Coal-tayr Epoxy Fllm
{after 10 years exposure, Atmospheric zone, Chlba)

{%)
: _— : 5ea Water
Mild Steellsheet Pile]| High Strength steel | “UUOSPheric Corrosion Resistant |, - oooice
Steel
- Steel
Al LV a3 24 A5 - b6 ar 18
9B 97 100 a9 15 80 60 a0

Table 10 shows the relation between the defect area of coal-tar
epoxy f£ilm and steel grade in the atmospheric zone at Chiba. In

this environment, the effect of steel grade on film deféct was clearw
ly cbsexved, and the results in Table 10 agreed weli with the mea-
surement of uncoated steel corrosion in Table 4.

(4) Film deterioration and steel corrosion

100

100 o .
©FLilm Thickness 200 um ,’ - O Film Thickness 200 ym
#iln Thickness 1,000 ym 7 : * ®Film thickness 1,000 pm
5 T e
g 4 sof
. i . . §
o 4
3 K
g .
¢ " 500 1,000 1,500 RS 500 1,000 1,500
Welght Loss of Unooeted Mild Steel Weight Loss of Uncosted Mild Steel
" {mgfomi) {mg/om?} .
Fig. 9 Relation between Defect ) Fig. 10 xlatighcbeiwzez pefect
Area of Coal-tar Epoxy s 9“]‘_ iod WH 2 tEP;’xY
Bpplied on shot Basted Cioaned Mild Steel and
Mild Steel and wWeight Loss . e e ot Taroatad
of Uncoated Miled Steel . ght

Milg Steel

-

Figs. 9 and 18 show the relation between defect area of coal-tar
epoxy £ilm and weight loss of uncoated mild steel. Aas shown in
those two figures, the defect area of coated film is greatly depen-
" dent on steel corrosion. Thus corrosion, or weight loss, determined
by a combination of two factors, environment and exposure perioed,
can bhe t&ken as a parameter Ffog the Gegree of film defect.

rilm defect advanced rapidly when uncoated mild steel corrosion
exceeded 50C mg/cm*, Therefore, the value 500 mg/cm® can be one of
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the main barometers for estimating the durability of coated film in
gach environment. On shot-blasted surfaces, it was observed that
thicker film further restrained the advance of film defect accom—
panying increases in corrcsion of uncoated steel. On hand-tool
eteaned surfaces, however, no effect of film thickness was observed;

- ¢hus, the effect of film thickness could not be fully displayed on
an insufficiently prepared surface.

{5} Film defect and cathodic protection

It is generally admitted that the combination of coating and catho-
dic protection restrains the advance of corrosion at damage points
such as scratches while get accelerating the occurrence of blister-
ing or peeling around the damaged part, owing to cathodic disbond-
ing. In this test of the eftect of cathodic protection on coal-tar
epoxy f£ilm, blistering due to cathodic dispbonding was observed at
the early stage. As a resuli of ten years exposure, there was only
a slight difference in defect area between specimens with and with-
out cathodie disbonding, partly because the zinc ancdes had been
exhausted during ten years exposure.

Lditeratures
1) " J.E.O. Mayre, D.J. Milis: J. Oil Colour Chem. Assoc., 58
£1975)
5,155

2y 8. Mizuki: Zaixyo, i3 (1964) 7,490

3)  C.P. Larrabee: Corrosion, 9 (1953) 8,259

4) J.F. Henriksen: Corros. Sci., 2 (1968) 8,573

5} T. Valad: Corros. Sci., § {1968) 8,577

6). T. Misawa, T. Kyuno, W. Suetaka, S. Shimodaira: Corros. Sci., 11
{1971} 1,35

7y K. Bauwnann: Plaste u. Kautschuk, 19 (1872), 694
8) T, Walter: ‘Mater, Perform., 8 (3970) 2,37
9)  Bosch: J.P.T., 41 (1969) 533,372

10)  G. Menges: Kautschuk u. Gumi-Kunststoffe, 25 (1972) 5,213







383

A classification system for anti-fouling paints based on a dynamic
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Abstract

In this paper a classification system for anti-fouling painte is
presented, Paints are classified with regard to twe criteria: anti-
fouling performance after dynamle ageing on a rotor and toxicity to
man and environment. To be classified paints must also meet some
minimum paint technological requirements. The framework of the
system has been tested with about 30 commercial paints. For most of
these paints the anti-fouling performance has been investigated,
their leaching rates have been determined, and their compositinn
analysed

it appeared that reliable classification by fouling tests is often
difficult because of the variarion of the anti~fouling performance
of the paints. This problem has been overcome by determining the
leaching curves of the paints, from which the leaching rate can

be calculated. This shows whether the amount of toxins leaving .
the paint film at the time of testing was sufficient. Thus paints
couid be classified satisfactory, giving a clear indication of
differences in quality.

With regard te toxicity paints were classified on the basis of the
results of the analysis of the elements by réntgenmicro-analysis,
This gives an indication of the kind of hazardous materials present
and thelr concentrations. However, when all toxic materials present
ahou2d<?a éetected, a more detailed and complicated analysis proce-
dure isinecessary.



Résumé; :

Dans cet article un systme de classificationest donné despeintures
antisalissures. Le systéme comporte une répartition des peintures
selen 2 critéres & savoir,

a) l'effet antisalissure aprés vieillisement dynamique de lapeinture

applique sur un cylindre tournant {(rotor) et

b} la toxicité. “

Poyr classification une peinture doit répondre aux exigences techni-
ques winimales par raprort 3 1'usage aupistolet, solidité du adhesion
ete.

Le systéme est mis 3 1'epreuve de 31 peintures dite "de commerce”.,
On a fait de toutes ces peintures des analyses: de la composition,
de la capacité antisalissures et de la lixiviation des toxiques en
fonction du temps.

il appert, gque la classification par essais salissures seule ne soit
s@r, a cause de la non-stabilité du comportement anti~salissure au
“viéillissement de la peinture, '

0o a résolu ce probidme & 1'aide de la lixiviation en fonction du
temps, Pour un effet efficace cette donnéde la doit Stre maintien
d*une certaine valuer.

Avec ce systéme uyne classification est possible domnant une idde
- claire de la qualité des peintures diverses.

La classification selon la toxicité est faite par moyen des résultats
-d'une analyse élementaire i rayons X.

Cette analyse indique sorte et quantité de. toxigues.,

Une analyse plus détaillée - plux complexe ~ peut révéler autres
composants dangereux. :

-

. T
1. Introduction :

i

For a shipowner it has always been a problem to decidé what kind
of'anti-fouling paint to use on his ship in order to achieve
bptimﬁl’piotaction. When new paints are offered the normal
procedure is to start ship trials. These trials appear many
times difficult to Keep under control and it takes a long time
before the resylts are known. Furthermore the Tesults are not
alvays ‘applicable to other ships im his company, with other _
sailing patterns. By the time the results are known palnt—manu-
facturers may have developed better products, which suggest to
him that former results are obsolete. T !
Of late years the problem became very pressing, due to the sucw
cesful introduction of the so called “self polishing” anti-fou-
lings., Therefore it has been decided to set up a “classification
scheme™ as a guide for the owner tc make his choice.

In this paper a description of the scheme will be given. Further-
more the results of the investigation of some 30 paints are dis—
"~ cussed. The investigation has been carried out to test the scheme

and to improve it. '
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2. General considgrations

Classification of ap anti-fouling paiui comprises in principle
not only the duration of the anti-foulimg activity of the dried
paint fiim,but also a number of other properties e.g.:

~ those of the wet paint, spraying charécteristics, drying time,
ete.

~ the 1ife time of the dried paint film in relation to adhesion,
bliﬁter formation, weay, etc.

- the toxic properties im relation to occupaticaal health and
environmental problems.

Taking allithese preperties as criteria into account, would mean
to design a very complicated classification system, which is
badly manageable in practice amnd to our opinion not neceasary.
Apart from the life time with regard to anti-fouling activity, the
toxic properties seem to be most 1mpottant as a criterion for
classification. The consequences of the toxic properties for
labourers and environment are very well distinguisheéd nowadays
and legislatien is increased accordingly. This legislation will
make conditions as to the use of the paints and will forbid the
use in a number of cases.

Though anti-fouling activity and toxic properties are the most
important criteria for classification, it does not mean that the
other properties mentioned are wnimportant. * '

¥or instance a paint must have good application properties and
must adhere well to the substrate. These are requirements to be
met. In the other case classification is meaningless. A procedure
for classification should therefore be started with an investiga-
tion into these properties. Detrimentae phenomena such as lack of
adhesion, blister formation etc. can be studied during the tests
of the anti-fouling activity.

‘3. Framewérk'of the classification gystem

3.1 Antiwfouliag activity
As has been outlined aslready some time ago (1) there does not
exist one uniform practice with regard to the iife time of an

_anti-fouling paint.

The 1ife time depends on:

- the time a ship is saiiing relative to the time it 1ies sta-
tionary.

- the seawater composition.

~ the sailing’ route,(ﬁetermining the kind and amount of fﬂuling
encountered,

- poliution of harbours etc.
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Because these conditions vary for each ship, classification of

anti-fouling paints by ship trials 1s very difficult, if not im-

possible. Therefore simulation of the ageing process on a ship's

hull under controlled conditions is necessary.

_ For two reasons this should be done under dynamic flow conditions

3 followed by a stationary test for fouling resistance (1, 2).

i These are:

- a) leaching of toxins from anti-fouling paints is much higher

| _ . when water flows along the surface {ship sailing) then under

i _ stationary conditfons {2, 3, 4).

b) fouling preferably takes place under statiomary conditions

(5; 6, 7).

For these reasons in our laboratory anti-fouling palnts are aged

i in seawater on & rotor apparatus and subsequently tested on a

. raft against algal and barnacle fouling. Furthermore samples are

: taken and measerements performed to analyse, the solution rate of
the toxins in seawater, which occurs either by leaching or

. srosion,
The latter is dome to support the fouling test results, conside~
ring that there is a direct relation between leaching rate and
fouling prevention,
Rotor procedure including a pictura of the rotor equipmaut ana-
iysis of toxins and raft test have aslrsady been described earlier
(1, 8, 9.
The sbove mentioned test procedure simulates a $ituation in
which long periods of sailing are alternated with short statio-
nary periods in which fouling can cccur, Because these are the
heaviest conditions as to ageing {(solution of toxins in seawater)
and fouling it must be expected that in practice otherwise the
life time will be longer. "The procedure as described shows
which paint gives the best relative anti-fouling activity
under the same circumstances. It gives furthermore ar indication
for the real 1ife time to be expected”. Only when the circum-
stances in practice are quite different from the rotor test
conditions, a prediction based on the latter may be erroneous.
Thia may happen in a few cases, e.g., in the case of copper paints
in the Baltic, with a lower salt concentration. The fotor test
does not guarantee the 1ife time in practice, because sc many

L factors (pellution. bad application, ete.) are not considered.

- 3.2 Texic properties
Classification according to toxic propertias forms & special pro-
blem, becauge there are many toxlc substances of which it is un~
v known how h;rmful they are and in which concentration. However,

there are some guidelines which might be helpful:

~ classify paints with toxins, of which the harmful character is
well known, low or do not accept them for classification,
This appiies for instance to pailnts containing mercury, lead,
arsenic, antimony, PCB, PCT and DDT, which all are hazardous
materials,
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- c¢lassify paints with high toxiec concentrations low and in
reverse. In doing so a premium is pat on the use of lesser
amounts of toxins.

3.3 Description of the system

From the foregoing it seems that the most significant system

would be the following:

1} Main clagsification on the basis of the results of the anti-
fouling performance, ss has been obtalned after rotor ageing
followed by a vaft test. In case of doubt leaching and ero-
sion curves can give additional evidence for the final
decision.

2} Sub classification on texic properties, d&tarmined by &nalysis
of the toxic chemicais present,

With regard to main- and sub-tlassification, classes are distin-

guished as described in table 1 and 2, Paints will be tested for

resistance against algae and barnacles because these organisms
are most important, A classification for both species will be
given. The number of clagses can be extended if necessary.

Before starting the experiments concerned it will be investipated

whether the paints meet a number of minimum paint-technological

requirements as sprayability, drying, thickness to be applied in
one coat and vecoarability. Furthermere the paints will be
analysed for identificatiom.

4, Testing of the systew
To test the system described in the foregoing paragraphs, 31
anti~fouling paints have been selected from those offered for
sale on the international market. For this purpose not only
paints with a claimed long service time have been chosen, but al~
so with a mediom and short time of performance. Furthermore,
apart. from classical contact leaching types, also modern erodible
paints have been investigated. From these 31 painte, 22 have
been tested according to the system; 9 have been used to carry.
out more detailed investigations to answer gquestions eape~
eially with regard to the erosion aspect. _
To test the anti-fouling activity the paints have been applied
to the anti-corrosive substrate zas recommended by the manufsc-
turer. As far as could be observed all the paints did meet the
minfmem paint technological requirements, though no detalled
tests were carried out., The paints have been rotated at a
circumferential speed of 10 knots for times according to the
class boundaries and tested them for their fouling resistance.
The leaching has been determined by chemical and réntgenmicro~
analyeis, erosion by thickness decrease. To investigate the
toxic properties the dry paint filme have been analysed also by
r6ntgenmicra~analysis.

: (‘“\
4,1 Anti-fouldng results
Tn table 3 and 4 the results of the anti-fouling behaviour of 22
paints are reported.




386

Void places in the tables indicate that no tests were carried

out, All tests were executed until a non-toxic panel was comple-
tely fouled, . ' :

Btriking in both tables is in many cases the veriarion of the
results with rotor time, especially fer algae. Such a variation
has been observed also en panels of the same paints which have
been exposed continuously on the raft up to four years, without
rotor agelng. The variation observed is well known (10) and

takes place also on non-toxic substrates {11y,

Analysis of all the information available has shown that the va-
riability observed is neither increased nor induced by the rotor pro-
cedure (including application, drying, etc.). Anvhow the variation
phenomencn makes unambiguous classification difficult.

4,2 Leaching rate A

. An indication for the anti-fouling resistance of a paint film ig
the rate by which the toxing dissolve in seawater, from which algal
zoospores, barnacle larvae ete take them up. Minimem rates are
necessary to prevent settliing. Because these are rather well .
knoim for the toxins normally used, & leaching curve

can be.of great help in classifying. Such z curve should include
the toxins leaving the paint £ilm by diffusion and/or erosion.
Therefore the leaching of the paints from the 22 series has been
deterpined . for copper and tin, originating from the most impor-
tant toxins present (cuprous-oxide, organotin derivatives).

In table 5 the average leaching rate in s 200 days rotor period

is reported, From this table it is clear that some paints can

rot have any resistance to fouling, because no leaching occurs at
all. Most of the others have averages in the neighbourhood of the
minlipum rates and their resistance to fouling is doubtful, at

least later then 200 days. A better insight info the life time

to be expected is obtained fyom figures .} (algae} and 2 (barnacles).
In these filgures the average amount of fouling observed in the 200
days period is plotted against the average teaching rate. 1f copper
and tin were both present, the leaching rate of tin was always
very low anéd has therefore been neglected., In the figures far-
thermore the minimum leaching rates are indicated, necessary for
fouling protection. The minimum e Ch%?3 rates for copper are
slightly different from what normdily s accepted in the literature
(10 pg Cu/cm®/day). The values are based on our experience and
reflect better the well known difference between algae and barnac—
les. For tin the values have been taken as found for tributyitinglu-
oride (8}, For triphenyltinfluoride, another well-known tin toxin,
the valued are most probably much lower (12). _ :

It appearsftbat'fot algae most of the paints have average lea-
ching rates below the minimum values. Most of them therefore

foul. For barnscles the copper leaching is in most. cases greater
than the minimum rate and therefore no fouling occurs. The tin
leaching i& toe low. : . : . :

Apparently fouling occurs now and them, though the ieaching rate is
higher then needed, :
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This may be due to the fact that averageés have been plotted,
However, rontgemmicro-analysis has also shown that in these cases
the leaching on one and the same paint film may be different on
different places and therefore may be sometimes too low. In most of
the cases (16} the leaching rate results confirm the fouling tests
as discussed in 4.). Deviations occur nearly always with regard to
algae.

1

4.3 Toxins :

In order to determine the kind and amount of toxins, dried paint-
£films have been investigated by réntgemmicro-analysis. By this
method in principle all the elements between nr. 5 and 92 can be
detected. The amounts of copper, tin and zinc have been determined
with the help of a standard paint. In table & the results for the
wost important elements in 25 paints are reported, Next to these
silicium, aluminium, magnesium, calcium and titanium were found, in
amounts of 0 - 10X,

Obviously no elements like mercury, arsenic, antimony or lead,
pointing at hazardous toxims, are present. The method, however, is
not suitable to detect organic compounds like PCB, PCT, ete. No
other method has been applied at present to look for these materi-
als. The most important toxic materiazls used seemed to be cuprousw
oxide and organo tin derivatives. In some paints (10, 15, 17, I8,
23 through 25) the tin is, as tributyltinoxide, attached to an
acrylic polymer. These have erodible properties, The presence of
sulphur sometimes means (1, 2, 6, 10, 14, 23 through 25) that an
organic aigicide has been used. However,in other cases {I5-1, 152
and 18-2) sulphur is, as copper, obvious present in copper thiocya-
nate. In this respect it is noteworthy that Iin two subseguent
fouling seasons copper thiocyanate as such has shawn no anti-fouling
properties in a special test on our raft.

Further, 1t hae to be noted that nitrogen could not be detected. For
this & slightly different method has to be used. Therefore algicides
containing this element, remained unnoticad.

4.4 Identification of paints "

Basic for good functioning of the system is identification of the
paints to be clagsified. This is necessary in order to determine
whether the same paint as classified is'vffered after some time.
Compliete analysis for this purpose takes much time and is not
necessary. Sufficient weuld be & "fingerprint- technique“ by which
the paint is unambiguously characterized,

For this purpose two such techniques are available.

In the first place réntgesmicro (REM-RMA) analysis, as mentioned

in 4.3, which determines the pigmentcomposition, For identification
it fs sufficient to compare the X-ray spectrum of a new sample

with that of 2 former one.

With the second technique, infrared spectroseopy, mixtures of
polymers, piasticizers, ete., as used in paint media, are fdentified,
I this method the pipgments are separated from these materials,
which remain in solution. :
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From the seiufioa a fiim is cast on”potassium bromide to make the
infraredspectrum. As in the case of the pigments it is sufficient
to compare the spectrum of & new sample with the one formerly -
taken.

5. Clagsification

On the basis of the results in the foregoing paragraphs, 21 paints

have been classified. Because paint 22 showed loss of adhesion -
during the rotor tests this product was not considered. A number

of paints were still foulfree after thelr test periocd., They have

been placed In the corresponding class. However, on extending the
rotor test, they could have scored higher.

5.1 Anti-fouling activity

Classification has been carried out on the basis af the results

{n table 3 and 4. In doing go one should remember that a qualifi-

cation ! with regard to fouling means that 0-10% of the surface

is covered with algae or that O-1C barnacles per dm*® occur. In
both cases this will give a friction increase along the surface,
which 1s not acceptable.

As can be observed from table 3 and 4 this guldeiine is often

not easy to handle, because of the varfatfon in the fouling

results. To decide whether the fouling observed was just a

colncidence or not, the leaching rate was used as a seconé

guldeline,

“The following rules were adopted to classify the paints.

= a paint will be placed in the-class, before the one in which
" for the first time fouling occurred.

« when fouling is qualified with a rating 1, this will be neglec~
ted when later on no fouling took place, on the condition that
the leaching rate is not lower than the minimom rates discussed
in 4.2,

€lassification in relation to algal and barnacle foaling is re=

partad in the fozlowing table,

Ciags Algae Harnacles
not classified 1, 2, 3, 4, 6, 14 2, 3, 6, i8
| - 8, 9,715, 18, 19 4, 14, 15
2 10, 19
3 7, 10, 11, 16 .
4 5. 12, 13, 20, 21 i, 12, 13
5 17 ~ 1, 5,7, 8, 9
7 : 16, 17, 20, 21

" A8 can be observed from.this table the paints are reasonably well
dispersedé over the classes, which means that a difference in qua-
1ity cam thug be indicated. Classification in this way is only
in a few cases gomewhat doubtful,
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5.2 Toxic properties -

T this case cimesification has been done on the basis of the re-

sults reported in table 6. : -

furthermore the following rules were adopted:

~ copper has regarded to be present as Cuprous oxide, unless 1t
was clear that copper thiccyanate was used. In this case the
amounts of copper and sulphur have been neciected, because
CuCNS is not a toxin. .

- tin has been calculated as tributyltin oxide..

- when sulphur 1g preseant as part of an algicide, the amount pre~
sent has been multiplied with the average of 5 to find the per-
centage of that algicide : .

- the amounts of toxic materials have been taken together, withe
out taking into account their specific toxicity.

{S8ub) classification in relation to the amount of toxic material

is reported In the following table. ’

x

Sub ¢lass - division
1 - - .
2 1, 2, 6, 7, 8, 11, 13, 14, ig-i, i6-2,
- : 18-, 14, 21 _
3 5, S92, 10-2, 12, 15~}, 152, 17«1,
_ 17-2, 20-1, 20-2
4 3, 4, 9~1, 18~2

This table shows that many paints contain a high amount of toxin.
Though a number of toxins can not be detected in the way the
analysis was carried out so far {see 4.3}, the system seems fo
give a yough but satisfactory jmpression of toxicity.

+

6. Influence of some test conditions

6,1 Circumferential speed of the roter
‘ Testing has been executed so fay with a circumferential speed of
the rotor of 10 knots. It has been shown earlier (3) that at
higher speeds the leaching of conventional contact leaching
paints is not increased. However, for moderr erodible anti-fou-
lings the erosion may be dependant on the water flow rate. In
such a case a paint film would be eroded in an earlier stage and
therefore give shorter fouling protection.
For this reason the eroslen of 4 erodible anti-fouling paints
was determined on a spinning disc (9), The regults are shown in’
fig. 3. Instead of the varying speed the corvesponding theoreti~
cally calculated friction has been plotted as independent.
variabie, At the same time the erosion of the paints onlthe
rotor has been determined at 17 knots. This has been plotted
alse in fig, 3. : T ’
As can be observed there is not a significant relation between
erosion and friction. At least the effect of the frictien will
not be very high. o0

4
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Nevertheless 1t seems sensible to increase the rotor speed to 17
knots, so that the friction in that case is at least within the
Tange encountered on the disc, This range may also be expected on a
ships hull (9). To check this, the erosion of five erodible paints
has been measured on the rotor at 17 knots as well as on a contai-
ner ship. ¥or the latter purpose the paints have been appiied to
panels which have been attached to the bilge keel, The paints have
been exposed on the forward part of the bilge keel as well as on
the rear end. Both places were about 60 m apart., The erosion on the
rotor has been followed for a pericd of 3 months, on the ship for
about % months. In the following table the results of the compari-
son of ercsion on rotor and ship* are presented,

fPaint bilge XKeal - Rotor
front © pear
18 0,19 0,11 - 0.14
28 0,27 0,25 0.24 * pm/day
29 0.17 0.15 0,21
32 0.42 C.31 0,28
33 0,23 0,26 0,23

As can be seen they are very well in agreement. Only in one
tase; in front, the erosion rate was higher than on the rotor,

- 6.2 Rough surfaces

The question has been raised whether the roughness of a surface
-affects the erosion rate. For that purpose erosion measurements
were done on the ‘smooth part of the bllge keel panels {see 6.1)
as well ag on the artificial rough surface parts (peak to valley
300 pm}, : -

The results* have been summarized in the next table.

Paint oSmooth . Rough
3. N 0.14 G.12
28 P 0,26 - 0,26 * um/day
29 7S ¥ A 0.16
32 _ 9.37 6.36 .
33 0.726 0.22

. . T
As is shown the differeaé;quetween rough and smooth are only of
zminor importance. v .

6.3 Seswater condition during rotur tests

For the tests natural flitered seawater is used, with & pH of
about- '8 and a salinity of about 2,8%; pH and salinity are
continuously monitored. The temperature of the seawater ig
constant 20°C. The water is furthermore renewed contincously.
The system may in some cases lead to erroneous results when the
salinity is different from the figure quoted (see 3.1}, '
The problem is restricted to cuprous-oxide contafining paints,
Lower salinities will occur in some seas and in estuarines.
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Unless ships aye always sailing in these areas, a constant devia-
tiop from the leaching rate found during the eclassification pro-
cedure will not occur. Thus the life time will not deviate consi—
derably. At higher salinities the leaching i3 not so much affec-
ted {3) and therefore alsc in this case the life time will remain
almest unchanged. :

for contact leaching anti-foulings no influence of the tempera-
ture on leaching was found by the author (3), theugh this was

not in agreement with other findings {13, 14).

In principle also the erosion rate may be influenced by the tem-
perature. To the authors experience this iy not the case, though
no extemsive experiments were carried out.

Continucus renewal of seawater is necessary to avold accumulation
of toxins in the rotor drum. Renewal takes place at a rate of

100 1/hour, which is 60% of the rotor's content. This rate keeps
the comcentration far below e¢ritical concentrations, which could
affect the leaching rate. ’

Conclugions

By the system as described in this paper, commercial antl-fou-
1ing paints can be classified.in an adequate manner. Thus insight
ig chtained into anti-fouling 1ife time differences and into the
kinds and amounts of toxins.

The dacision for anti-fouling classification in general is taken on
the sole basis of the results of the fouling teste. However, & =~
reiiable classification can ir many cases enly be obtained when
leaching curves are available. ' -

For a more rellable classification as regards toxicity; it would
be necessary to determine also nitrogen, so that algicides con~
taining this element are detacted. Furthermore hazardous materi-
alg iike PCB, PCT etce. should be determined. No doubt this can be
done. However, this asks for a more detailed and complicated ana-
1ysis, of which the necessity at present is not clear, The same
spplies to the chemlcal structure of the slgicides present.
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Table t.

Main classes
Anti~fouling activity

Class Foulfree after:
1 One fouling season on a raft or 30 days
on the rotor followed by a raft test
2 100 days on the rotor followed by a raft
fest i
3 200 days om the rotor followed by a raft
test :
4 300 days on the rotor followed by a raft:
test . "
5 350 days on the rotor followed by a raft
test
6 400 days on the rotor followed by a raft
test

Table 2. Sub~classes
'Toxic material

Class

Description

Paints containing Hg, As, Sb or chiow
rinated products like PCB, PCT or DET

Paints containing more than 55 weight

L e e st s s Sl b e

AT 4 A i A e e O b

weight perceat toxic material.
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Table 3. Algal resistance

-ageing.on xotor (davs)
Paint nr, | 0/50 ] 100 | 200 ] 300 | 350 | 400

1 1B 1@f 46) | te)y] o 2
' ey | 0 ey | 4(&)

3 1 3@ . 4(6)

4 C1(B) 4(G) § 2(6) | 4(G)

5 10 1(6) {.0 0 1) | 4(6)
6 3 :

7 0 {6} 0 1G) | 4(5)

8 e {0 4(6) | 4(6) ] 2(6) _
9 0 PGy 1@ [ 16y | 16 | 2(6)
10 0 0 0 16 ] 0 4(B)
11 0 g e 1(G) 1(6)
12 0 0 0 J0 1(G)
13 ] 0 16 (0 1{6) | 1(G)
14 1B | 1)} 2(8) 11 10 0

15 0 A(B) | 1(G) | 4(B) | 1{G) | 1(6)
16 4 ¢ H{e) 1{e) it

17 G lo |0 0 0 1(6)
18 0 1B) 1 (G 11(6) 1 1{€) | (&)
19 0 t1(B) | 2(6) [1(@ | 2(8) | 1(B)
20 0 1He) o0 3Gy { O
2% 0 g He 0 :

22 0 0 g . L
* Om OF of gurface covered {G) = green algae

i= O=10% " "o " {B) = brown algae
2“ 10’20% Lil [ 1] "

3= 2040 ™’ " "
4‘ > 40z L1 " ¥ |

** extensive detachment
E -...7/\}:}
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Table 4, Barnacles resistance

After ageing on rotor {days)

Paint ar.
0/50 100 | 200 300 350 400

1 0 0 0 0 0 3
2 2 1 3 3 :
3 3 1 2

4 0 1 1 0 )

5 6 | o 1 0 0 s
6 1/4 4

7 0 o 0 0 0

8 o 0 0 0 0

9 0 0 0 o 0 2
10 0 't} 1 0 0 2
11 o 0 0 1
12 0 0 0 1
13 0 1 0 [+3 3 3
t4 0 1 1 0 0 0
15 0 i 1 ¢ 1 1
16 0 0 0 0 0 0
17 0 0 v} 0 0 0
18 1 1 1 1 1 0
19 0 0 1 1 1 ]
20 0 0 0 0 0 ]
21 0 o 0 0 0
22 0 0 0 *

* code O» no fouling observed
1= O~10 barnacles per dm?

_25: 11”25 ¥ L1 "
C e 26-50 I3 . " "
43 > 50 L1} n "

** extensive detachment
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Table 5. Average leaching rates over a 200 days rotor period

. IPaint: ar.i Toxicant ing. rate®
by diffusion | by erosion | total amount

2 Cu 0 ' - 0

3 Cu -8 - 8

6 Cu 0 - v}

8 Cu 12 - 12

§ Cu g - o
$n 5,5 - 5,5

5 Cu 12 - 12

En "1 - 1

7 Cu 12 - 12

Sn 2 - 2

9 Ca 18 - 18
! 2 - 2

- 41 Cu 11 - 1t
Bn H - 1

12 : Cu 13 - 13

- 2 - 2

13 Cu it - 11
¢ Sm 0,2 - g,2
16 Cu - 45 - 45
Sn 0,3 - 0,3
19 Cu 17 - 17 .
Sn 0,2 - 0,2

20 Cu 12 - 12
\ Sn 0,3 - ¢,3

2% . Ca 12 - 12
Sn 037 - 0,7
fn O’} - . 0’2
4 Sn 6,6 - 0,6
10 Sn 1,2 C 4,58 1,7
14 Sn 3,3 - 3,3
17 Sn 2,5 2 4,5
15 Sn N 1,1 3,2 4,3
18 Sn 1,3 1,1 2,4

% in pg.iém’ day
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%% 9-1, 15-1 etc. means first coat of paint system.

* % by weight

9-2, 15-2 ete. means top coat of paint system.



398

v@to&o«&n@ws«usuﬁgogg

‘Bupgows) up 1o teddoo of wopees ur suliv yym Jupmnoy
Aop w0 et
# " 82 o ?
T A | ¥ ¥ ¥ T 1 T ¥ u
] +
i L
I +
i .
; ¥ + ¢
m .
ﬁ '
¥ is¥ ¢ -
+ 1
+ i
w . L
“ 4
"

O1eos sy Bupiog | Bid



399

opopodioiot slpp Oz p o jnsed sBhuean
| .eaﬂkaﬁ_ﬁ#uﬁzwom,
kﬁhﬂamﬂn-u Q.,u ﬁ.u._.u.dmﬂ.m ﬁmmﬂc n_.
uﬂﬁauomﬁﬁ _ _

&
@_-Mm

+3 a.ﬂﬁ

3l

a.m.uﬂu ‘wpay Bugpnog 1T ° mm&



(s10WL 1 )0302 « o8P +
2 pT hus) .. BounLy pesdeolp

OBIP YIOOWIE ¥ UO UWOLOIH

S
T T ¥ ¥ N v
4 - + T i
62 vy N
28
e
+ + 3 - F
174 $ )
FA
+
*v -
2 ¥ + * i's
gz + + ' . > S, 8w .
18 /
w0

iNtvd

400



401

M
i
i

Application of the AC impedance measurements to predict paint systems

performance in marine atmospheres

M. Morcillo, S.'?eliu, J. Simancas and J.M. Bastidas

Centro Nacional de Investigaciones Metaldrgicas

Ciudad Universitaria. Madrid-3 Spain.

ABSTRACT

The performance of 8 typical palnt systems 1is
anaiyzed in the Spanish atmospheres of Vigo and El Pardo
(Madrid)}, marine and rural respectively, after two years'
exposure. Likewise, the effects ¢f the degree of the sur-
face preparation of steel (SIS 055800} and the presence
of galt residues of sodium chloride in the metal/paint
interface are studied with reference to the behaviour of
c¢hlorinated rubber system. ’

tn the laboratory, possibilities offered by the
eiectrechemlcaz measurement technique of impedance vector
for predzctlen of practical performances are alsoanalysed.

RESUME

) Le comportement de 8 systémes typlques de pein-
ture est analysé dans les atmosphéres espagnoles de Vigo
et El Pardo (Madrid)}, atmosphéres marine et rurale respec—
tivement, aprés. deux années d'exposition. Egalement, les
effects du degré de préparation de la surface de ltacier
{s1s 055900) et de 1a présence de résidus salins de chlg
rure de soedium dans la interface métal/peinture, sons etudids
dans le systéme de peinture de caocutchouc chloré pour la
stabilité postérieure de rev8tement organigue.
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Introduction ;

Extensive research is beinpg carried out in
Spain {1} to ascertain: {a} protection requirements for
paint systems (surface preparation gradeg type and thick-
ness of paint) according to the kind of predominant at-
mosphere, and {b) the effect of the contaminants $02-
cand €17 op -the metal/coating interface in the performan-
ce 0f the paint. The results of this work pertain to the
testing stations loecated in Vigo {marine atmospheré} and
El Pardo, Madrid {rural atmosphere}.

v It 1% well knewn that sutdoor exposure tests
frequently need long periods of time, 10-20 years, in
order to draw 'reliable conclusions, ‘Noewadays the trend
is towards the dcvelopment of methods which enable early
prediction of the future paint coatzng performance, even
before the occurrence of any substantial changes in its
appearance. In this paper the possibilities offered by
elactrcchemxcai lmpedance mcasurement technzques are

_explored which is 1ate}y havzng a great appltcatlon 15'
__carrosaon and pret&cflon §tud1€$ o .

H e

‘Experiméntal Procedure -

T ,; ?1gur& 1 shows a pzcture of Vlga 5 test sta-
tzon,mlocatgd on the deck of a raff,”buzlt t0 conéuct

1Fig. 1.- View of Vigo's test station.
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ses water immersion tests. The strong agpressiveness of
this type of atmosphere as compared with E1 Parde’'s ru-
ral atmosphere is shown in table I, where corrosion data
of bare metal specimens obtained in both exposure sites
are given.

Table I.~ Corrosion data of bagé/;;:;§g in the atmos-

pheres of Vigo and E/ Pardo }
- : : Y,
ANNUAL CORROSION RATE
$tatxcn Steel | Zinc Copper | Aluninium
{jam) (pum) (pm) {mg/dm2)
Vigo : : :
{marine 8.2 | 3.74 7.92 100.1
atmosphere)
El Pardo _ .
. {rural 1 15.% 1.06 1.1 1.83
. atmosphere) '

_ ~ In Table II, the characteristics of the paints
Iapglied by air spray) used in this study are shown.

%

1+

: Test samples have been prepared from a 3 am.
hot-rolled steel sheet which showed an intaect mill scale
{degree A .of Swedish Standards, SIS 055900). Thereafter,
they were shot blasted with S-280 to reach the ASa 3 :

_standard prevxous to the’ appllcatzcn of the paint coa~ .
tzng.- .

. To stu&y the effects of the steel surface prew:_
paration and the 1nterface contamznatzon by chierides, :
two sets of panels were prepared to which only" the chlo—
rinated rubber system was applmed. Surfaae preparatlon
grades B Sa 3, B Sa 2 and R 5t 2 were obtalned by shot.
blasting . and wire brushlng a steel sheet of - -grade B~ (sx8-

. 055900), obtained in turn by oxidation of grade A sheet
in E1 Pardo's ‘contaminant free atmosphere. Contaminations
with Nall were prepared on A Sa 5 samples dosing amounts
of 20, 100 and 500 mg/m of NaCl, from solutions of NaCl
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in distilled water and methanol {the last compound added
to favour a-quick evaporation of the solvent}. Subsequen~
tly, the paint system was applied on these contaminated
surfaces. -

Iin laboratory studies, where the impedance tech-
nigue was used, the panel testing consisted in two iden-
tical transparent plastic tubeg {(which permzt a better
visualization of coating evolution) stuck to the paint
surface by means of a silicone sealer, leaving an inte-
‘rior surface area in contact with the electrolyte of 3.1
cm?. The tubes contained solutions of distilled water and
NaCl (3%) in an attempt to simulate rural and marine atw
mospheric exposures, respectively.

Table'II.w.Charact&ristics of paint systenms

Paint System gggigﬁATION Primer ' | Undercoat Topeoat
- INTA. INTA
0i1/Alkyd o —
Ky /4 164103 - 164218
Alkyd R INTA - L INTA
: 164201 164218
Chlorinated R ) INTA "I OINTA INTS,
Rubber _ 164705 | 164701 1647044
Zinc Silicate/ o INTA . INTA
- ; R R . :
chl. Rubber |- 2RI igiaes | T o2t | 16a704n
L ' ' INTA ] " INTA
Vinyl v : . ie C
i : . 164604 | 1o Coat 1646034
Zinc Silicate/ Zn/v INTA -1 INTA
Vinyl _ .| 164408 : _ 1646034
Polyurcthane P _ RENF ED3. 323. 125
Epoxy/Polyure~ | . MIL o '
. E/P. - . .
thane S : / ) C-8240% RENFE 03, 3?3 125

B (;PA Hewlett-Packard ﬂ!ode} 48004 Vector Iznpedance Meter
was used. The double electrode technique was applied. (2).
As auxiliary electrode a 25 cm? Platinized titanium sheet
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was used, whose impedance can be considered aegligible
compared with the working electrode {painted samplel}.

The basis of this measurement technique has
been analysed in numerous papers {3-5}. The impedance mea-
surements were carried out over a freguency range of 30
kHz te 5hz. For each imposed frequency, the impedance mo-
dulus ]2zl and the phase angle € were measured. Periodic
meagurenents of the iﬁpedance vector together with a vis
sual evaluation of the coating appearance were made.

EXPERIMENTAL RESULTS AND DISCUSSION

Effect of the type of paint {on ASa 3}

Atmospheric exposure tesis. After two years®' exposure the
different paint systems offer an excellent surface appearance.

Laboratory studies. Figure 2 shows the evolution of ‘the
impedance diagrams for the different paint systems con-
cerning the various exposure times in a 3% NaCl solution.
From the observation of these diagrams the following '
points can be drawn: ' '

(i} Frequently, the &1agram Lasses Lhrough
three steps (Fig. 3). Initially (step 1}, wheén the palnt
fiiw is in perfect condition, the diagran takes the sha~
pe of a straight line forming a certain angle with the
imaginary axis. This response is similar to that of a
capacitor, with phase angles near to 909 and very hzgh
values of the impedance modulus. 3

With time (step II}, once the paths or channds
of electrolyte penetration across the film -are being esw
tablished, the paint permeability decreases -and the ims
pedance diagram plots'a semicircumference arc. Finally
{(step III), when the paths in the film {which permits the
movement of the chemical spe01es to and from the metal
substrate) have been completely established, other ‘pro—
cesses take place: corrasion, diffusion, etc.; the impe-—
dance plot in the complex plane.shows a definite semi-
circle. Sometimes the semicircle does not intersect the
real axis at low frequenc1es but draws a straight line
of 459 slope.
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{1i) With this technigue we can differentiate
paint coating performances. Longer outdoor exposure times
will tell if there exists or not a real correspondance
between laboratory results and practical performances. A
good correlation exists between the evolution of impedan-
ce pilots and the deterioration visually observed on the
coatlng in labtoratory.

Observ1ng Figure 2, it can be seen that onily
two systems - vinyl and epoxy/polyurethane- show, after
250 days of testlng, arn excellent performance, with an
impedance dlagram correspcndlng to a capaciter (Fig. 3,
step I, with a very high resistance in paralleil}. In the
remaining systems, the diagram reaches steps II or III
{Fig. 3) and the damage of the coating starts to be im~-

' portant' blisters and rust {on perforated blisters)

appear. So, the evolution of the diagram reflects, to so-
mé extent, the state {integrity) of the paint coating,
anticipating in many cases, as commenited before, visible
deteridration:

(6] srTep1 STEP IT <1 STEP 11

Lz . .

Fig. 3.~ Schematic representatlve for the different steps
' of impedance diagrams evolution and associated
.equivalent eleétric ecircuits.

Quantltatzve 1nformatzon pravzded by the impedance measu-

rements

‘The impedance diagram gives quantitative infor-
mation' of coatinpg failure by means of the pardmeters R, C
and tan § ¢ R and C are obtained from analysis of dzagram
and ‘tan‘ = cotan?) at a frequency of 1 kKHz. '~
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R_and C versus time, The equivalent electric circuit prow
pesed by Randles (5}, parallel R-C circuit {(Fig. 3},ex-
plains quite well the freguency respcnse of many electro-
chemical systems. Up to now, is not very well established
the real meaning of ¢ and R for the complex system metal/
/paint/electrolyte. In our opinion, at the beginning of
the test, € could be related to the capacitance of the
paint film (this working as a dielectric} and R to the
ohmic electrical resistance of the film (which acts as a
barrier to the vermeation of substances across it). With
time, new electrochemtcal processes would take place and
the equivalent electric circuit would consequently chan-
ge, involving now double layer capacitance and diffusion
impedance, besides charge-transfer resistance. The time
variation of parameters R and € is given in Tables IiI
and 1Iv,

Tabile III.w Variation of B versus fime far the different
paint systems.

Time R, f. cm? x 10°
days o/ A ek | v |emser |zopv | b E/P
16 j27.9 | - 49.6 |- | 56 161 | — | ——m
20 150.3 | 12,4 | 697 fooe {eoe |87 | o | oo
a0 Jias 6.2 1 22.6 [-=e | === |09 | = | -
70 8.9 3.9 | 8.3 |-— | 0.22 | 99 P
1006 | 1.2 3.4 1 3.0 Jem— | 0.35 {101 ] v | e
120 - 10.50 3.1 b e e | 0,40 e o’ | e
150 0.0251 1.0 [15.7 lewi 1 0.51 116 | com | on
240 | — | 0.09 '0772 - 10,41 £9.4 | — | .

' Vznyz pe]yzrethane and epoxy/polyurethane systems
perﬁarm like capacitors after 250 days of testing, not
feasible to determine R. In the remaining systems a
decreasing of R wzth time is observed (Table 111},

R 'being the controlling resistance of the process. At the
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begining, this resistance corresponds to the paint filmre-
sistance, but afterwards charge-transfer resistance can be
the controlling factor. '

The value of c¢apacitance € has been calculated
from the frequency corresponding te the top of the semicir—
cle {Fig. 3c) or by extrapolation to high fregquencies in
the case the semicircle is not well defined (5 }. Genera-
Zly, we can observe {Tahl& IV) a continuous increase of
capacitance with time, First of all, it shows an average
value of 200 p?.cm‘z, which is characteristic of a paint
£ilm in gpood c¢ondition. The capacitance tends to acquire
higher values with time and simultaneously the coating
iosses its protection efficiency (6 ).

" Table IV.w Variation of ¢ versus time for the different
paint systems.

Time ¢, pF’. cm™2

days /4 A CR | v |znser | zasvl e e/

10 : 129 198 | 110 | 100 | 189 | 391 | 144 | 136
26 143 181 | 126 | won foom ] 409 |eww | oen
40 179 381 | 319 | 123 | —— | 548 1258 ! 206
70 178 287 | 244 | 134 | 742 | 448 J1s0 | 157
100 156 507 | 416 | 100 lioso | 515 1208 | 148
120 152 | 397 | v | e 11013 | e | | -
150 |>12000| 599 | 181 | 124 | — | — |[186 | 139
240 1 —— | ave2 J1721 | 114 | 681 | 563 | 164 | 147

Dielectric loss factor (tan & ) versus time. When a capa~
citer is in good condition, the phase angle (¢ )} is close
to 909 . 4n the contrary, as ¥ decreases, the dieleciric
losses of that capacitor will be higher.
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Bato and other Japanese researchers: { 7-% ) have
conducted extensive studies in order to find correlations

between tan ¥ {beingsnr 80 -~ ¥} and current condition ‘of
'

thé paint ceating. According to them, tant acquires va-
iues less than 0. 2 when paint film is in good protection
condition . With time and simultaneously Wluh lem detew

rioration (loss of protection efficiency}, tan o acguires
higher values. Tan S can also experiment changes ‘because
of water absorption, contraction and swelling of paint
films and ionic interchange processes { 7).

_Figure 4 shows the tinme variation of tan$ for

the different paint systems tested. Early, tand acquires
values close to 0.1. Then, tan < increases with time,
depending on each paint'system. The best performance co-
rresponds to vinyl, polyurethane and epoxy/pelyurethanesys—
tems, with values of tan § after 250 days of testing of
G.07, ©.1 and 0.14 respectively, all of them below the
critical value of 0.2 . In the remaining sy&éems tan 3
increases with time, overpassing the threshold value of
©.2 and showing paint fiig damage {(blisters, rust, ete.)}

Effect of steel surface preparation

. 'Figﬁreﬁ shows the evaluation of the impedance dia
gram for the chlorinated rubber system.applied to steel -
surfaces with!different degrees of cleaning (SIS 055900}, In
the same figure photographs of film dppearance after 250
days (in the labdratory) and two years {in Vige's atmos-

" phere) are alsc shown.. A clear correlation can be found
between these different data. ~ When the coating has been
applied over grade a_Sa3'(i.ct,the cleanest_testg@sarface},
the appearance of the coating is excellent in both tests
and impedance measurements indicate 'a capacitive behaviour
(step I}. However, whenapaint film of similar thickness
was applied on the BSt2 grade (i.e. the worst degree of
cieanness) damage on the coating 4is important and the
ampe@ance diagram reaches step III. Intermediate degrees
of cleaning show dlagrams belongtng to Step 11, bat
with the coating still being in exce}lent condltlen,prﬂba
bly indicating pmuhng fallures.
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Fig. 4.- Time variation of tan { {dielectric loss fac-
' tor) for the different paint. systems.

L

. gffect of interface contamination by chlorides

: Before the application of the chlorinated rubber
paint system, different NaCl contamination levels were
applied to a set of shot blasted (A Sa3} panels. These
panels were exposed to the El Pardo’'s rural atmosphere, of
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DIAGRAM . (Na Ci 3%) ATMOSEHERE
A . ————
P
=
=N
@
=
:H
P
X
zN
&
z
=N
>

'Fig.5 .~ Effect of steel surféee'prepafation. Field (marine atmogw
phere) and laboratory studies. System: Chlorinated Rubber.



413

very low aggressiveness, in order to evaluate the effect
produced by this econtaminant.

Figure 6 shows the close correlation Between the evolutionof
impedance diagrams for the different contamination levels
0, 20, 100 y 500 mg/m> of NaCl) and viseal deterioration
of the sample's condition after laboratory and rural
atmosphere tests.

_Frém the results of the atmospheric exposure, the
highest level {500 mg/m2) of chlorides causes an important
blistering and rusting of the coating,lsimilar to which
was seen after one year of exposure. The corresponding
impedance diagram shows the most advanced stage of svolu-
tion {smaller diameter of the semicircumference). For a
100 mg/m? contamination,blisters are seen in laboratory
but not yet in.the atmosphere.The diagrams for lower con=
taminations show the paint surface still intact in .spite
t¢ Belonging to step II. Once again, will these diagrams
anticipate coming damages to the paint coating? Only a
longer ocutdoor exposure time will be able to clarify this
guestion. : '

CONCLUSTONS

Considering the characteristics {type, thickness
etc.) of the tested paint systems, two years of exposure
in a marine atmosphere is not enough time to notice-mgjdr
differences between paiﬁts. However, this exposure time
wae enough to show a pernicious effect when the chlorina- -
ted rubber system was applied on inadequately prepared
rusty steel, or on contaminated steel with 50O mg/za2 of
NaCl. ' :

The application (field or laboratory} of the
electrochemical impedance technique seems to be a useful
tool in order to follow and anticipate the real paint be-

haviours.,
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AN IMPEDANCE STUBY OF CATHODIC DELAMINATION IN MARINE

PAINTS

$. Feliu, F. Utrilla and M. %¥orcillo
Centro Nacional de Investigaciones Metaldrgicas

ciudad Universitaria, Madrid-3, Spain

ABSTRACT

-

the performance of marine paint.pdatings on
steel subjected to cathodic protection is studied with
impedance technigues. The paper describes the experimen-
tal procedure adopted for carrying out the measurements
on the rather large painted steel samples used in thislaw
bora?ory research.

e Evolution with time of the paint coating has

been followed by the variation of: impedance modulus izl
at 1600 Hz, loss factor tanf at 1000 Hz, and capacitance :

¢ 'of the parallel R-C circuit .. It is found that teach
of these parameters offers a sensitive method for follo- '
wing the performance of the metal-paint system and, there
fore, for a gquantitative assessment: of the deteriorationof
the painted metal when cathodic pfotection is applied.

Mention is made of the great effect of tHe caw
thodic potential level on the delamination phenomenon.

RESUME

Ii stagit d'etudier le comportement des revéte-
ments de peintures marines face 4 la protection cathodique
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par l!entremise de I'utzlxsatlon da la technigue d impe-
dance,

Ce présent travail expose la fagon de résoudre
ie probléme expérimental de la réalisation de mesures
d'impedance avec des spécimens d'acier paint de dimensions
non excessivement réduites.

. Pour suivre ia evelution du rev@tement de la
pelnture avec le temps, furent pris en considération les
trois paraméires suivants: le module dtimpédance 4zl 2
100 Hz, la tangente de perte tand 3 1000 Hz et la capa-
¢ité € du circuit R-C ‘en paralliéle. Une conclusion
"est que toutes se montrent sensibles au processus de dew
terzorat;qn du recouvrement de_ son expesition a la prow
tection catodlque, et servent au531 a une suite guanti-
tative .

Il est important de souiigner ia forte influence
du trés haut niveau du protection cathodique et de certai-
nes peintures sur l'apparition du phénoméne de délamination

Introduction

; The susceptibility of paint coatings to delami-
" natien ig’ ‘an important matter, malnzy because of its prac-
tical implications. For some time now studies are being
carried out in order to determine this Susceptzbillty{lw
4). As a rule the behaviour of painted specimens is eva-
Inated by visual ‘inspection, a method which is generaliy
suhgectzve. Attempts have been. made to use electrochemical
measurements (5.9} to ascertain behaviour of painted surfaces.

The interest shown in. electrochemicaz tests is
related to ‘the possibility of: (i) carrying out more ob-
Jjective’ evaluations than the visual ‘ones, (ii) obtaining
quantitative data on the corrosion rate of the metallic
substrate and {jii) detecting variatiens in behaviour be-
fore failures in the ¢oating are apparent. Beth d.c., and
a.c. techrniques can be applied. The first ccmprzses ‘the
.determination of the polarization resistance Rp. A promi-

- nent place among the second techniques is held by the im-
,pedance measurements, i.e, determznatlon of impedance dia-
! gﬁpms. estimations of capacitance €, and of charge trans«
: fer reszstanae Ry in the assumptzan that the metai/palnt
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system can be represented by an equivalent circait whose
most simple expression is given in the upper part of ‘Fig.
8., Resort can also be made to the determination of the va-
lue of loss factor, tangé R énd of the impedance modulus
tzi , at certain frequencies. The a.c. techniques genera-
liy provide more information. ‘than the simple Rp measurement

Impedance measurements are performed byapplyzng
a sinusoidal signal of variable frequency to the specimens
which had been subjected to the effect of the cathodic
protection for given periods of time. The purpose is two-
fold: in the Ffirst place to get a better understanding of
the possibilities of this technique for chserving and pre-
dicting the behaviour of the metal/paint system with re-
gard to the action of the cathodic protection and, in the
second place, to establish the primary characteristics of
the paint coating having greater influence on the beha-
viour of the metal/paint system. '

Experimental

Rectangular steel specimens of 15 by 10cm were

~subjected to shot blastlng and painting under relatively

similar conditions %o tho$e of the reaz practice.

Since the cathe&zc protectlon effects are uﬁenw
sified on the discontinuities of the coating, a circular
holiday of 1.4 cm diameter was left on purpose on the
centre of one of the two faces of each specimens. It
should be peinted out that the intreduction of this de-
fect or other (for instance scratches) on the paint coa-
tings to be exposed to the cathgdic protection test cong
titutes a normal practice {10, 11}.

Tabie 1 shows the various palnt systems as
appiied to the steel specimens.

For carrying ‘out the glectrzcal measurements it

"is necessary to select a zone of the test specimens where

there are no defective spots from the beginning. Otherwi-

- se the gr_eater part of the alternating current applied would

flow to them, principally at high frequencies. Therefore,
impedance measurements were made in a zona of the coating
far away from the edges but not far from the mentioned
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holiday. The object of this was to detect the effects of
the cathodzc protection as soon as possible.

-

TABLE 1.~  Type and thickness of, coating

TOTAL DRY FIiM THICKNESS
: LOPCOAT COATING M
PRIMER DESTGNATION TESTS | TESTS | TESTS
AT~1,20V] AT-0,85V] AT R.P,
COAL TAR EPOXY]| W.P./C.T.E. 128 135 1 140
WASH-PRINER COAL TAR VINYL| W.P./C.T.v. | 135 190 | 130
Aprox.15-20 pa ALUMINTUM .
: CHLORINATED W.P,/ALC.R. 140 133 140
RIBRER . :
CHELORINATED w.P./C.R. 104 140 130
RUBBER .
| COAL TaR EPOXY] Z.E./C.T.E. 170 110 143
Zinc Epoxy COAL TAR VENYL| Z.E./C.T.V. 130 150 208
Aprox. 20 pm ALUMINIUM . . .
CHLORINATED Z.E./4.0.R. 150 1%0 140
BUBBER
CHLORINATED
.E./C.R. 158 150
AUBRER Z.E./C.R 150 5
COAL TAR EPOXY| R.0.E./0.7T.E ] 140 115 155
. COAL TAR VINYL| R.0.E./C.T.V. 17O 150 205
y Red Oxide Epaxy -
ALUMINIUM o .
Aprox. 20 um CHEORINATED | R.O.E./A.C.R. 160 165 175
. AUSBER . .
CHLORINATED : '
.0.E./¢.R. 165 175 180
RUBBER R /

In order to limit the measurement surface area,
“1t was decided to stick, by means of a silicone sealer, a
“small plastic cylinder (a section of a plastic tube) to.
the painted surface, on the same side as the holzday and
at 6.2 c¢i from it.

/;}5 © This assembly, the smalz cylinder attached to
the painted surface, see Fig, 1, is kept throughout the
entire cathodic protection test. At the time of taking



421

the impedance measurements the painted steel specimen is
temporarily removed from the cathedic protection cell
{tank) and its surface is dried off. Then, the small cy~
sinder on it is filled with synthetic sea water and a
counter electrode is placed inside the eylinder. Once the
measurements have been taken the painted specimen is again
immersed in the tank in order to continue the application
of the cathodic protection petential. It is recoghi-

sed that the cylinder attached to the painted surface may
introduce some distortion in the conditions prevailing in
the specimen subjected to cathodic protection, mainly in
the surface area within the cylinder, where the iﬁpedance.
measurements are made. '

e - o

Fig. 1.

The determinations of impedance {modulus and phaw
se angle) were performed with a H.P. (4800-A} Vector Im-
pedance Metter. Frequency range was extended from 5 Hz
to 5% kHz. .

. _ . .
. _ The graphs in Fig. 2-7 show the variation of pa-
rameters C, tand and Z{ in terms of exposure time to
cathodic protection. In the lower part of these figures
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an attempt has been made to show at the same time the de-
gree of failure of the coating as evaluated visually.

The value of capacitance ¢ . was o¢Bfained from
formula € = 1 /J{2.w .£.Z"} extrapelating to f o o0,
f being the frequency and 2Z" the value of the imaginary
component of the impedance vector. JIn the ¢Vent that
Randies model is met, the value for € c¢orresponds to
that of the parallel capacztor in the R-C circuit {see
Fig, 8). fThe value for tand is the loss fgﬁ%or of -thein-
pedance of painted specimens, which is equivalent to cotan-
gent of the phase angle. In this report the values for
tand refer to a frecuency of 1000 Hz.

Iy |§C
§ O AR pr . i’
- Re N
a e AN\
> R
e
«
=
3 /3 ¢ .
=
= ; v
!_ Re | R
REAL PART

Fig. 8,

The value for 12Z{ in Figs. 2-7 corresponds to
the impedance modulus at 100 Hz. With regard te the sure
face appearance of the coating, the deterioration wasclass
gified from 0 to 4 according to the fellowing rating:
¢ = no visibie medlfzcatlon, 1 = slipht deterioration,

2 = moderate deterioration and 3 = heavy deterioration,
The deteriorhtion may affect more rapidly the coating
around the holiday than inside the perimeter limited by
the plastic cyliander attached to the painted surface. To
differentiate this case in the graphs relating to appea-
rance of specimens, -a black point has been used to
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indicate the start of blistering inside the cylinder.

Discussion

1+ was stated in the introduction that the main
objective of this research was to verify the possibili-
ties of the a.c. techniques for estimating the deteriora-~
tion of the paint coating under cathodic protection. In
Figs. 2-7 it is shown that, in effect, there is an evolu-
tion of the measured parameters as a function of exposure
time to cathodic protection; te a certain extent, this
variation is parallel to the degree of detericration as
verified by visual examination.

The three parameters determined, namely, €

tand and {7z} , seem to be very sensitive to coating dew-
terioration. Of these, the most sensitive perhaps is the
modulus 1Z| measured at comparatively low frequency

(100 Hz). The practical interest of the measurements of
tand and modulus {Z1 at 10060 H=z and 100 Hz, respecti-
vely, is that they can be carried out with much }é€sswso-
phisticated equipment than that reguired for determining
the impedance diagrams or the value of C.

5 A question that is raised is whether such a. c.
measurements permit obtaining information about the detew
rior%tion process earlier than by visual examination.
According to the results of the present research the ad-
vantages of the a.c. tests are not very much in evidence
in that sense, since the deterioration of the paint coa-
ting can be observed vigually almost at the same time as
it is detected by the analysis of the impedance data. In
some cases these measurements have revealed a certain evo-

‘jution in the characteristics of the coating before the

visual defects appeared; doubts however exist as to the
practical interest of these small differences in detec-
ting time. : -

Another guestion is whether it would be possi-
bie to estimate the corrosion rate in the metal under-
neath the paint coating by means of thée impedance measu-
rements. This would be feasible if one could infer the
charge transfer resistance (R ) from the impedance dia-
gram. The curves in Fig. 9 provide some of Uthese diaprams
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as an example. As is well known the freguency-dependence
(complex impedance diagram) of the Randles model is shown
by a semicircle (Fig. 8), and its diameter gives the va-
lae of the parallel resistance of the R-C circuit. Howew
ver, it has not been verified whether this model fits, not
even approximately, the metal/paint sysitem,. and whether
the estimated resistance for this case corresponds entire-
1y to the charge transfer rqsfétance. "It should be pointed
out that the ohmic resistahce of the paint coating is in
series with the charge transfer resistance a2t the same

~branch of thé parallel R-C circuit, the other branch being

formed by the capacitor. Consequently, if the resistance
thus inferred is substituted into the Stern-Geary equa-
tion, the true significance of the calculated “corrosion



i

431

current"” value might be disputable. TLogicaliy, further

research is requived, such as the one performed with a

specifically~designed test piece in order to separate in
certain cases the contributions of the ohmic and charge
transfer resistances {12},

_ tn accordance with the results obtained, the be-
haviour of the painted steel panels when exposed to - ca-
thodic protection may depend substantially on coating

‘composition, in particular when the highest level {(-1.2V)

of cathodic protection is applied. Of the 12 coatings tes-
ted the W.P./C.T.E. (Fig. 2) is the one which gives the
more satisfactory results according to the evolution of

“eupves in Fig. 2-7. The R.0.E./C.7.E. coating alsc shows

guite good results. Stability of the other coatings

- appears to be markedly affected by the cathodic potential

jevel; a given coating may shcw a remarkable behaviour at
~0.85V and it may be quite unsatisfactory at ~1.2 V. Ho-
wever, caution is necessary in drawing conclusions about
the relative merits of the coatings listed in Table 1; it
would be risky to extend “these specific results to all
coatings of similar generic composition since the factors
that may modify paint behaviour without hardly changing
their composition are numerous,

v e e . e e v e i
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ABLATIVE ANTIFOULING COATING SYSTEMS

THEODORE DOWD
DEPARTMENT OF DEFENSE - Y. S. NAVY
WASHINGTON, DC 20362 '

The widely used cuprous oxide antifouling paints are no
ionger abie to meet the increasing demands of the
Marine Industry. These pafnts were developed aTmost a
century ago, and perform for about 18-24 months., In =
tropical waters we are Tucky #f we can get 12 months of
service. -When fuel and Tabor costs were cheap, this
was an acceptable fact of Tife. Now that fuel and
drydocking .costs have soared, the marine industry is
Tooking for antifouling paints that will permit
extended drydocking intervals and perform foul-free
between dockings to keep fuel costs to a minimum, and
in addition, eliminate the costly underwater mechanical
brushing, The new ablative antifouling coatings enable
ship owners to achieve these resuits.

The marine industry, including the U.S. Navy and (oast
Guard are beginning to obtain foul-free underwater
hulls in excess of five years, and the -clean hulls have
produced a ten percent fuel saving per ship per year.
in addition, the inherent, self-cleaning action will
completely eliminate the expense of underwater brushing
and the ensuing damage suffered by the antifouling
coating by the mechanical process. :

The U.S. Navy is service testing these ablative
coatings on selected ships and comparing its findings
with those obtained on ships in the commercial sector.
The overall results show a very clese correlation
regarding fuel savings and foul-free performance over
longer drydocking intervals,
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" There are ever-increasing dewmands in the
marine industry for antifouling paints that will
extend drydocking intervals and fmprove resistance
to marine fouling. The accumulaticn of fouling
reduces a ship's speed and increases fuel
consumption in order to overcome the-resuiting drag.

BACKGROUND

_ The primary toxicants over the last 100 years
have been copper saTts added to vinyl and other
paint resins. These paints have been marketed by
every major paint company for the marine industry
and sold in retail stores and marinas for pieasure
boats. The U.S. Government's own version of cuprous
oxide in vinyl has been designated as formula 121
and 129 under specification MIL-P-15931.  This
antifouling formulation has been used since 1952 on
ships in the U.S. Navy and the Coast Guard. ’

Cuprous oxide salts perform through the .
gradual leaching of the toxicant through the paint
film and prevent the attachment of marine fouling.
However, at.the very best, these materiais perform
anywhere from 18-24 months. In tropical waters,

we're Tucky if we get 12 months service.

The causes of t%is'shcrt service life are
attributed to the following reasons:

H Physical Properties - Since the toxicant
: is an additive, it is difficult to
: contrel the leaching process. At the
& ' -outset, the Teach rate is high due to
the concentration of the toxicant in a
- fresh coat of paint. In the early
stayes after undocking, we have more
toxicant exuding than is needed to
control fouling., ‘This fact-also
contributes to the rapid depieation of
. the toxicant and the early demise of the
coating's effectiveness, :

2. . Chemical Properties - Cuprous oxide
~hydroiyzes in seawatar and undergoes a
chemical conversion to become a less
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toxic copper complex salt consistiny of hydroxide,
carbonate, and oxychloride. This complex salt forms
a hard crust which inhibits the further leachiny of
active cuprous oxide fons from the Tayer under the
crust. As the concentration of copper salts
diminishes, we begin to see the attachment of marine
fouling in the following order:

A. First we have the formation of slime.
This beyins to form in a few days after
undocking.

B. Second we note the seaweed, which starts

to appear after 6 months to 1 year.

c. Third is the attachment of tfube worms,
barnacles, and other crustacea,

D. Fourth and last are the tunicates and
sponges, the most sensitive of the
fouling organisms, which in effect
indicate the complete demise of the
¢coating.

Once the huyll fouls, the excess drag imposes a
costly fuel penalty to maintain the ship's speed.
When fuel was cheap, we accepted this as a way of
1ife, and as the fouling accumulated, we turned up
the fuel flow to overcome the drag. Now that fuel
is costly, we cannot continue to overlook the
problem. :

" In lieu of drydockiﬁg, we have an interim
procedure of removing marine fouling with mechanical
underwater brushes operated by divers.

This admittedly serves the immediate purpose
to remove the fouling, restore ship's speed, and to
reduce energy costs. But in so doing, there is a
!oistof £iim thickness and damage to the antifouling
paint. -

Once mechanical underwater cleaning is
started, we're Jocked into it--it's like getting
hooked on drugs--and the intervals between _
successive cleanings become progressively shorter
due to the removal and damage of the antifouling
coating. . 3
. Consequently, mechanical cleaning is only an
interim method and a necessary evil until something
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better comes along.

We are definitely in need of coating systenms
With a Jonger service Tife than.a Copper, additive,
and one which -does not begin to accumulate fouling
soon after the ship leaves the drydock.

Idealiy too, is the need to Supersede costly
and damaging underwater brushing by .having the
inherent chemistry of the antifouling paint perfornm
-in an ablative fashion to tontinually provide a
self-cleaniny action to maintain a foul-free surface
during the life-cycle of the antifouling coating.

"IMPLEMENTATION OF ABLATIVE COATINGS

It appears that shipowners have finally found
such & waterial in the commercially available
ablative antifouling coatinys, where tho toexicant s
- chemically bonded to the resin. These coatinys use
either organotin, cuprous oxide, or a cembination of
organotin and copper salts. The self«cleaning
action continualiy maintains a foul-free thull during
the entire overhaul cycle of the ship,

We in the Navy certainiy want to get the

Tongest possible service life from our antifouling
paints. This is emphasized in a non-classified
directive issued in September 1987 by the Chief of
Naval Operations who fmposed drydocking -intervals of
up to 10 years for some classes of ships., Qur plan
of action is to evaluate ablative antifouling paints
‘with extended 1ife cycle properties.

The ablative paint system was introduced 1in
Europe in 1974, I had an opportunity to assess its
performance on.commercial ships in 1978. I was
convinced. that the paint merited a service test and
arranged .for its application on the Coast Guard
Cutter HAMMER in February 1979. :

At the November 1980 drydocking the Coast
Guard ship looked as good as the day it was
painted. The companion ‘barge with the control paint
was heavily fouled. o .
The ‘erosion rate is about 50 microns a year
for this ship which operates at about 10 knpots,
Consequently, the projected service 1ife for the 400
microns of antifouling paint is approximately 8
years. The ship's captain reports an annual average
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- of 10 percent fuel savinys since 1980.

At the June 1983 drydocking, the antifouling
coating was found to be in excellent condition after
§ years, 4 wonths in tropical waters off Florida.

As in November 1980, the hull was washed and the
ship was returned to the water without painting, .
except for touching up a few surfaces that had been
mechanically damaged by grounding and rubbing
against piers, The control coating on the barge was
heavily encrusted with fouling, and was removed to
base metal. This is the second time that the )
control coating had to be removed and replaced while
the test coating continues to perform foul-free.
This ship has now surpassed 5 1/2 years of foul-free
sarvice and is not scheduled for dry docking until
February 1986. , - '

At first ablative coating on a Navy ship was
applied in November 1980 on USS SPRUARCE using the
same material that was used on the Coast Guard
Cutter. At the time, it was the first and only
commercially available material and contained a:
combined organctin-copper salt toxicant. :

At the Gctober 1981 drydocking, theé SPRUANCE
antifouling coating was in excellent conditiop
after 1 year, In October 1983, it was drydocked
again and the ablative coating was still foul~free
after 3 years service. It is now approaching 4 '
years and is still foul free. :

" In June 1981, another Navy ship, USS SAMPSON
was coated with a similar ablative coating from a

different vepéor.

At the March 1982 drydbcking, the ship was
foul-free, It still remains that way after more
than 3 years. '

The twe ships are operating respectively 46
and 40 months foul-free at a point in time when each
of them would have required underwater brushing or
drydocking to remove marine fouling if the standard
cuprous oxide coatings were used. The performance
of these coatings will be menitored, together with
newer materials now available in the commercial
sector, in order to determine which coatings satisfy
our reguirements. B :

The Navy estimates that if ablative organotin
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paints are used fleet wide, they will reduce fuel
costs by about 10 to 15 percent, or approximately

'$300 million a year.

The eariier Navy ship, coated in Kovember 1980
had reported that the $100,000 extra cost of the
materials and labor for .the ablative coating was
recouped from the fuel savings in 6 months of
operation. o

- Continued fuel savings and elimination of
underwater brushing will make this type of teating
more cost effective for the Navy and other ship

cowners. .

" The overall performance of an ablative system

deﬁénds on the erosion and leach rates which are

affected by ship's speed, hull contour, temperature,
and variations in ocean salinity, :

: As more.new coatings become avaflable, we are
finding it expedient to apply a half dozen patches
on one ship representing various manufacturers who
passed preliminary screening tests in the :
laboratory. This was done on the destroyer USS
BARNEY in June 1983, :

Another method of multiple testing is to

outfit the bilge keel of a ship with studs on which

panels can be attached and tested under identical
operational conditions. This type of testing was
done on the aircraft carrier XITTY HAWK in August
1982 and repeated on BARNEY in June 1983, As a

-result of myltiple testing, the Navy has also

implemented 7100 per cent ablative organotin for use
on aluminum hulls, and 100 per cent ablative copper
antifouling for use on steel, These paints are
performing well for one te¢ two years and will be
closely monitored, . -

i By using paints with the Jowest leach rates of
0.2 to 0.4 micrograms per square centimeter per day,
the Navy is minimizing any possibie adverse impact
on the environment., lLow leach rates will keep the

toxicant concentration Tevels in harbors to an

absolute minimum.

.. In closing, I can safely say that ablative
antifouling coatiny systems are actompliishing what
conventional paints have failed to do, and we are
hopeful that they can help us reduce our fuel costs
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threugh foul-free operations, eliminate costiy and
damaying underwater cleaning, and increase the intervais
between drydockings. : :

RESUME

Les peintures avec enduit prEservatif 3 base d'oxide de cuivre d'usage
généralisé ne sont plus 3 unbme de faire face aux exigences croissantes
de 1'industrie maritime. Ces peintures furent mises au point il v a .
environ un siecle et agissent au cours d'une durfe de 18 & 24 mols.
I1 faut de la chance pour gue dans les eaux tropicales elles pulssent
gservir pendant 12 mois. Lorsque le combustible et la main d'oceuvre
! Staient bon marché ceci tait une realitd acceptable. Maintenant-que
les cofits du combustible et de la cale sfche ont augment&s vertigineuse-—
¢ ment, 1'industrie maritime a besoin de peintures i enduit préservatif
i qui permettront de loangs intervalles entre s8jours en cale siche et
: empBcheront 1'encrassement entre passages au radoub, ce qui maintient
% un minirum les colits de combustible. En outre, ceci permet d'Elininer
les onfreux brossages mécaniques immergs. Les nouveaux enduits pré-
servatifs décrassants permettent aukx armateurs d'atteindre ces résultats.

L,'industrie maritime, y compris la Marine des Etats-Unis et le fervice de
Garde-cBte, commencent 8 obtenir des coques immergfes sans encrasgement
pendant plus de cing annfes, et les coques propres ont signifig une
économle de dix pourcent en combustible par navire par an., En plus,
{Yeffer inhbrent d'sutc-nettoyage Eliminera totalement les frais de
brossage immergf er les dommages qui s'ensuivent pour 1'enduit préger—
vatif & cause des procédés mEcanlques. o

i
La Marine des Etats-Unis proc@de actusllement B des essals en service de
ces enduits d8crassants sur des navires désignés, et compare les résultata
A ceux des navires maxchands. L'ensemble des r&sultats révéle un rapport
trés Btroit entre les Sconomies de combustible et 1teffet anti-crasse
des istervalles plus prolongfs entre s€jours en cale-sBche,
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. BEHAVIOUR OF PIGMENTED FINISHES IN MARINE ENVIRONMENT

8. SKLEDAR
Institute of Chemistry "Boris Kidrigd”

Baidrihova 19, YU-61113 Licbliana, Yugoslavia

Finishes in four different medis were pigmented with several crganic
and inorganic colour pigments at pastel tones and applied to the
primed steel panels by spraying procedure. The panels were exposed
in laboratory and cut-of-doors. The lsboratory exposures were per~
formed in Marr accelerated weathering machine and in salt spray

. chamber, and the outdoor exposure in Adriatic marine climate. The

tint resistance of finishes pigmented with Chrome Yellow, Disazo
Yellow, and Phthalo¢yanine Green colour pigments was the best, and
medium with Iron Blue, Indanthrone Scarlet, and 3 blend of Phthalo-
eyanine Blue and Chrome Yellow colour pigments. The laboratory ex-
pasures gave useful first information im spite of more severe coxro-
sion processes in salt spray chamber than in Adriatic environment.

CO%PORTEMENT DES FINTTIONS PIGMENTEES DANS 1.° ENVIRONNEMENT MARIN

Des finitionms & quatre liants différents étaient pigmentdes avec
plusieurs pigments organiques et inorganiques colorés, en nuances
dégraddes dites pastel, et appliqudes sur des t3les em acier, proté-
gdes par des peintures primaires, par projection au pistolet. Les
tSles dtaient soumises aux essais en laboratoire et dans la nature,
Les essais en laboratoire &taient effectuds dans la machine de Marr
aux intémpdries accédlérdes, et dans la chambre au brouillard salin,
ot les essals naturels dans le c¢limat marin Adriatique. La résis-
tance countre le bianchissement des finitions pigmentées avec des
pigments colorants Jaune de Chrome, Jaume Disazolque et Vert de
Phtalocyanine &tait la meilleure, et médiocre avec des pigments co-
lorants Bleu de Prusse, Ecarlate d’Indanthréne et un mélange au Bleu
de Phtalocyanine et Jaune de Chrome. Les essais en laboratoire ont
donné une information premiére utile, bien que les processus de
corrosion dans 1a chambre au brouillard salin fussent plus sévéres
que dans 1’envircnnement Adriatigque.



INTRODUCTION

Begides white finishes (1, 2), coloured finishing coats are also
frequently used as a part of the protective coating systems in the
marine climate (3, 4, 3). They impart a decorative effect to the
surfaces on the ships® superstructures, coastal and offshore in-
stallations, appliances, and devices. However, they smust be resis-
tant to the climatic conditions in marine enviranment, espacially

to the solar radiation, where the ultraviolet part is the most acti-—-
ve in the degradatiom processes of polymeric binder, and to the salt

“fog and wind, When finishes are tinted with colour pigments; fading

can oceur in various degrees, which depends on _pigment and binder,
In the present research work, a greater number of coated panels with
cotoured finishes were exposed to the Adriatic marine atmosphere for
two years, and their durability investigated.

EXPERIMENTAL
MATERIALS AND SYSTEMS

Fxn;shes in four different media weTe tinted with a gamut of nine
organic "and inorganic colour pigments: Chrome Yellow, Disazo Yellow,
Indanthrone Scarlet, ?armanent Red, Indanthrome Bordeau, Quinacriw
done Vlelet, a nenwbronze type Iron Blue, Pﬁthaiocyanxne Green, and
a mired green plgment containing Chrome Yellow and ?hzhalocyauxne
Blue. All pigmentations were used at’ pastel. tones. ¥or comparison,
white-pigmented finishes without colour pigments were also prepared,
The binder employed in finish A consisted of z cellulose nitrate
1acquar in combination with alkyd resin. The finisgh B represented

an axr*ézzed paint based on alkyd resins, the finishes € and D being .
stoving enamels with alkyd = nelamine-formaldehyde resinous binders,
stoved at. temperatures of. 343 K (2 hr.) and 403 K (0.5 hr.), respec—

" tively. The cleaned steel panels were prlmed with zinc chromate

(systems B and C) and zinc chromate - red iron oxide (systems A and
n) przmﬁrs. Two different nonwchalklng grade rutiles were used as
diluting white in all gystems, so that two series were formed in
each coatlng system. The characteristics of two rutile pigments are
given 1n Table 1. It can be seen that rutile I contains more ti-
tanium dxoxade than rutile II whose whiteness is higher. Both of
them are surface~treated with various amounts of aluminium and si-
licon compounds;, and rutile II is additiomally stabilized with zine
oxide. All finishes were applied to the primed surfaces by manuval
spraying pracedura. The .average thickness of dried coating systems
was about 120 am. The hardness of coating films immediately before
exposure in systeme A and D was hxgher than in systems B and C, in
latter belng the lowest,

EX?OSURES AND. EXAMINATION METHODS :

The coated panels were exposed in laboratory and out-of-doors. The
1aboratory exposures invoived accelerated weathering in Marr weather—
ing machine, and salt spray test at s temperature of 308 X. The out-
door exposure was located on the shore of Adriatic near Crikvenica,
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TABLE [
CHARACTERISTICS OF RUTILE PIGMENTS USED

Determination _Resalt .
) Rutile ¥ Rutile I1
o, (D 95.9 93.7
Al 53 B3 2.0 2.6
siﬁz {2} 1.9 1.2
Zno" (1) 0.0 0.8
Whiteness (Mgo = 100 T) 87.5 92,7
Average partig%e size {ym) 0.25 0.25
pensity {g.cm ~) 4,2 4.7

The panels were placed on racks at an angle of 4s5° facing south.
Since it was the combination of pigments and polymeric media under
investigation, any change occurring on exposure was taken into
account. The examinations inciuded the measurements of gloss re-
tention (system Lange), the ratings of the resistance to chalking
{Kempf method), checking, cracking, erosionm, §laking, blistering,
rusting, and fading (ASTM Standard Methods I} 610, D 660, B 661, D
662, D 714, and D 772). The measurements of tint resistance of fi-
nishes were performed using a reflectance filter colorimeter, which
was calibrated using a set of porcelain enamel panels. The vepro-
ducibility of measurements was regarded as satisfactory, because
only relative data were required to establish the colour changes, In
order to better visualize the tint resistance of particular pigmen-
tations in comparison to each other, the obtained data are represent-
ed in MacAdam’s uniform chromaticity scale diagrams, The colour
differences were computed according to Adams, Nickerson, -and Stulz

" equation as combined with the Mumsell value scale (6). In the com-

putations, FORTRAN program was used in CDC 6600, CYBER 72 computer
system (Control Data Corporation). The rransformation of data into
CIELAB colour differences is preparing (7).

RESBLTS AND DISCUSSION

Figure 1 shows the results for finishes of system A, pigmented with
rutile I and a gamut of colour pigments, from the exposure in Marr
accelerated weathering machine. The results are presented in the
form of uniform chromaticity scale diagram to better visualize the
particular colour changes. The numbers of samples represent colour
tones approximately according to DIN 6164 notatiom. Although there
is no single accelerated weathering test which correlates absolute~
1y with actual long-term performance in & marine envivonment, since
there is no salt fog in the accelerated weathering machine used, .
still the first information can be got from this diagram. It can be
seen that finishes tinted with Permament Red and Quinacridone Violet

colour pigments exhibit relatively low tint resistance, which is
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Fig. 1.~Colour changes of finishes in system A

with rutile T during exposure in Marr accelerated

weathering machine ’
better in the case-of Indanthrone Scarlet than in pigmentation with
Indanthrone Bordeaux. Furthermore, finishes pigmented with Disazo
Yeliow show the best tint resistance, whick is better than that of
Chrome Yellow pigment and even better of uncoloured white pigmen— -
tation. Moreover, it can be seen that pigmentation with Phthalo-
cyanine Green resists to accelerated weathering better than pigmen—
tation with a blend of Phthalocyanine Blue and Chrome Yellow. Fini-
shes of system A, pigmented with rutile I and Tron Blue, show rela-
tively good tint resistance, Generally, the -colour changes are ori-
ented towards white reglen in the disgram, with exception of two

yellow coloured finishes, which become duller.

To evaluate the separate action of salt fog on the performance of
pigmented finishes, an additional accelerated exposure was conducted
in the salt spray chamber. Though there 'is mo ultraviolet radiation,
salt ‘spray test is widely used to provide performance data for ini-
tial screening during formulation and development of coatings in
spite of the facdt that conditions in the salt spray chamber differ
from those in a marine atmosphere due to the absence of ultraviolet
radiati?ﬁ.(s, 9). Thus other reactions take place in this accele~

A
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Fig. 2.-Colour changes of finishes in system A
with rutile I during exposure in salt spray chamber

rated test than in outdoor exposure (10). Nevertheless, the results
in Figure % from the salt spray chamber show a satisfactory corre-

lation with the results from Marr accelerated weathering machine

regarding tint resistance of finishes. Here too, though in smaller
extent than in sbove mentioned machine, the tint resistance of £im
nishes of system A containing rutile I as diluting white and pig-
mented with Permanent Red, Quinacridone Vieclet, and Indanthrone
Bordeaux colour pigments is poorer than in the case of Indanthrone
Scarlet and Phthalecyanine @reen colour pigments. At the sawme time,
the entire colour changes ‘are directed to the white region. In the
same system but with rutile IL as diluting white, similar yet some~
what greater ¢olour changes can be observed, which are also dzrected
to the white region (Fxgure 33.

Figure ‘4 shows the cclour changes of finishes in all four syatems

(A - D), containing rutile I, during outdeor exposure to Adriatic
marine climate. Single poznts represent the computed results from
the measurements after particular exposure time. Severe colour chan-
ges reveal in the case of Indanthrone Bordeaux being very small in
finishes pigmented with Chrome Yellow and Disazo Yellow colour pig-
ments, In all systems, the colour changes sre oriented to the white
region, except in the case of Chrome Yellow pigment. The greatest
colour changes of finishes pigmented with a biend of Phthalocyanine
Blue and Chrome Yeilow are determined in system A, however, in case



446

SE-A
BED
3 o .
sl Quinacridane Violet n/&/ i
: 1
eso L  indanthrone &mﬁmmuzgg 8 Permanent Red
£45 3
- 7
ok & indanthrone Scarlet
oas |
ox
1 ¢ White
o
426 -
Q" 2 Phihatocyanine Green
[ R TR R sx-kI-x;|lx1;-(---‘.ls-;-lg.¢‘i

k2] B35 g.20 025 &30 f36 G468 &A%
. w

Fig. 3.-Colour changes of finishes in system A
with rutile II during exposure in salt spray chamber

of Iron Blue pigmgnt, these changes are the greatest in system B,
The colour changes of finishes as pigmented with other four colour
pigments and the same diluting white can be visualized from Figure
5. Finishes containing Indanthrone Scarlet exhibit much better tint
resistance -than those pigmented with Indanthrone Bordeaux, these
changes being the smallest in system B. Similarly, the colour chan~
ges of finishes pigmented with Phthalocyanine Green are much smaller
than those with a mixed green pigment containing Phthdlocysnine Blue
and Chrome Yellow, especially ir system A, Considerable colour chan-
ges of finishes pigmented with Permanent Red can be observed, these
being the greatest in system A, and the smallest in system €. The
colour changes of finishes pigmented with Quinacridone Violet are
smaller in all four systems as compared with Permanent Red pigmen~
tation, - ’ : . :

Comparable results are obtained using rutile II as diluting vhite
in tinted finishes, as shown in Figure 6. The colour changes of £i-
nishes pigmented with Indanthrone Bordeaux are in systems A, C, and
D even greater than using rutile I, but smaller in system B. Also
here, the colour changes are much smaller in pigmentations with
iron Biue and a blend of Phthalocyanine Biue and Chrome Yellow, be-
ing the smallest in pigmentations with Disazo Yellow. The mixed



447

\g & Disaro Yaliow

1 chrome veliow

0 ‘White
2} Phebgloyuning Blur PETEN
Ch!m Tatlow & x
B wruww O}
€ e
B e T3
17 on e

ﬁﬁﬂﬂﬂﬂ&ﬁﬂﬁﬂ!ﬁm%aﬂﬂﬁ&”mmmlm

i EBTEES RS § ?(2.2 I RER:

errrrrrrrr———

¥ig. 4.~Tint resistance of finishes containing
rutile I in Adriatic marine enviromment :

green pigment shows here better tint resistance in systems A, B, and
B, but somewhat smzller registance in system C. The |tint resistance
of Iron Blue in finishes with rutile II is smaller Jhan with rutile
I in systems B, C, and D, remaining equal in system A, The entire
colour changes are oriented to the white region, thus representing

a constant~hue fading, i. €., &t nearly constant dominant wavelength.
“*he tint resistance of the next five colour pigments containing
rutile 11 as diluting white pigment is demonstrated in Figure 7.
Generally, similar impression can be got as in the case of finishes
containing rutile 1. Finishes pigmented with Indanthrone Scarlet
show better tint resistance than those pigmented with Indanthrone
fordeaux, and Phthalocyanine Green behaves much better than mixed
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Fig. 5.~Tint resistance of finishes containing
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Al

green pigment containing Chrome Yellow and Phthalocyanine Blue.
Chrome Yellow colour pigment exhibits superior stability against
-fading. On the other hand, finishes pigmented with Pérmanent Red
show severe fading, especially in system A, where the colour chan-
ges are greater than in foregoing series containing rutile I, and
smaller in systems B and C. Greater colour changes than in series
with rutile I are also shown in finishes pigmented with Quinacri-
done Violet, with one exception in system D, - :

The effect of two diluting rutiles is bettér discernible in Figure 8
where the colour differences for two coloured pigmentations with
Quinacridone Violet and Permanent Red in systém A are plotted as a
function of exposure time in Adriatic marine environment. Greater
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TABLE II

AVERAGE GLOSS RETENTION OF FIRISHES IN VARIOUS EXPOSURES

System Rutile Percentage surface gloss retention in exposures

Hérr Salt spray Marine Marine
(400 hr.) {3000 hr.) {2 mouths) (2 years})

A 1 58.0 T7.4 58.9 3.9
B E 80.8 84,7 92.8 3.5
¢ T 15.0 75.5 94t B.5
B i 78.4 86.9 88.2 5.6
A 11 35.6 77.3 £0.4 3.9
B I 63.3 4.0 93.2 3.5
¢ il 69.4 31.8 89.5 . 1304
B 1¥ 79.7 86.0 89.5 15.2

effect is shown with Quinacridone Vielet than with Permanent Red,
however, in both coloured pigmentations, better tint resistance re-
sults with rutile I than with rutile II. But this is not a general
rule, because the behaviour of investigated finishes varies depend-
ing on particular pigmentation and system,

Figure 9 shows the gloss retention of pigmented finishes in system A
separately for rutile I and rutile II when exposed in Marr accele-
rated weathering machine. In spite of more pronounced divergence of
curves. for particular colour pigment in case of rutile T as diluting
white pigment (left diagram), the gloss retention is better in form-
er one. In this exposure, the gloss retention of finishes containing
rutile I is alsc better in systems B and €, as shown in Table II re-
presenting average gloss retention of finishes in various exposures.
In salt spray chamber, the gloss retemtion is much better than ‘in

. accelerated weathering machine for lack: of ultraviolet radiationm,
thus the sbsence of photochemical degradation of the polymeric bind-
er. In Adriatic marine atmosphere, the average gloss retention of
finishes in system A after two months® exposure is also better when
using rutile I, however, after two yearg! exposure, the results are
quite the same for both rutiles not only in system A, but also in
system B. Moreover, after two years’ outdoor exposure to Adriatic
marine atmosphere, the gloss retention is generally better. in sys-
tems C and D than in systems A and B, these results being much
better when using surface-treated and stabilized rutile II, These
results correlate well with rating of chalking shown im Table III,
where higher level of chalking can be observed in systems A and B
than in systems C and D.
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TABLE f1}

CHALKING OF WHITE PIGMENTED FINISHES IN ADRIATIC ENVIRONMENT

Percentagé chalking® during exposure (yr.)

System Rutile

A 5/ : Kl 2
A T 14 22 30
B T g 19 25
¢ I o 1 14
3 I v i & 23
A 11 12 19 25
B 1T 0 g 23
¢ TT 0 4 17
) 1l 0 1 14

% :
Erichsen Chalking Scale

The' protectlve efficiency of steel Surfaces by the investigated coat-
ing systems in’'the course of two years’ exposure o Adriatic marine
.atmosphere was satisfactory. No corrosion of steel surfaces appeared
' except on the edges of steel pamels. Slight checking was observed

in system A. With regpect to the general appearance of coatings,
their gquality increased in the direction from system A to system D,
On the other hand, coatings exposed to salt spray fog showed more
vigible corrosion processes on the edges of steel panels, which were
accompanied- by -blistering, especially in the system A. In spite of
the faet that thig short-term testing procedure cannot simulate ,
completely the Adriatic marine climaste, it can give :2 useful in—
formation on the durability of coating systems, particularly when
combined with the exposure to ultraviolet radiatiom im an accele-
rated weatherzng machine,

.

CGNCLUSIGH

The tint resistance of finishes in Adriatic marine enviromment is
:the best when pigmentéd with Chrome Yellow, Disazo Yellow, and
Phthaloeyanine Green, and medium with Iron Blue, Indanthrone
Scarlet, ‘and a mixed green pigment comprising Phthalocyanine Blue
and Chromﬁ Yellow, being much lower with Indanthrone SQréeaux,
?ermanent Red, ‘and Qiinacridone Violet colour pigments. The in-
fiuénce of dlfferent vehicle systems and diluting rutiles on this
behavidur is not always uniform. Nevertheless, it 1s found that the
average gloss retention of finishes updn two yvears’ exposure to the
Adriatic marine climate is better in meiamxaewformaléehyde vehicles
combined with alkyd resin (systems ¢ and B) than in celldlose nitrate
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lacquer combined with alkyd resin {(system 4) and an alkyd vehicle
{system B)}. The data from the chalking measurements corvelate well
with the above results. The laboratory short-term exposures in Marr
aceeterated weathering machine and ia salt spray chamber give an
initial useful in“ormation regarding the behaviour of pigmented

coatings.
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ANALYSIS OF THE TIME-DEPENDENT DEVELOPMENT OF CATHODIC

_PROTECTION _w:('n_lm PIPES

B.J4. TIGHE-FORD and J.N. McGRATH
Royal Naval Engineering College

Manadon, PLYMOUTH, UR

. 1t is shown that cathodic protection can be impressed down
pipe interiors and that development is time-dependent. The
behaviour may be quantitatively described by a two stage
mechanism approximated by s step fumction and linear transport.
The rate of the second atage is determined by a coefficient of
potential development which is approximately § x 10°% u%" for
copper pipes. Possible mechanisms for a transport-dependent
phenonenon are discussed and a preliminary theoretical

expression for the proposed coefficient is pregented,

Cet article montre que la protection cathodigue peut Stre
tmprimée h 1'intérieur de tuyaux et que son développement varie
en fonction du temps. Son fonctionnement peut Stre déerit
quantitativement par up mdcanisme a deux phases qui ressemble
approximativement a une fonctlon a paliers et un transport
lindaire. La vitesse de la deuxidme phage est déterminde par
un codfficient des variations du potential d'un peu pres

5 x 10"5 mzsfl pour des tuyaux en culvre. ep cherche enfin
quels pourraient &tre les mécanismes qui opéraient ce
phenoméne de transport et on aAvance une expression presiable

du cit coéfficient.
INTRODUCTION

Although impressed curreat cathodic protection systems are
widely used for the protection of structures immersed in or
carrying electrolytes it has been malpteined until recentiy that
it i impossible to protect a pipe for more than a few diameters
from its mouth. Experimental trisls ip Langstone Harbouy™ showed
that after approximately six weeks cathodic protection had
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developed along the length of a one metre long annulus formed
between a copper pipe and an inner core.

LaQnez attributed the spread of protection over arn 18in.
radius circular steel plate, with a central sacrificial magnesium
anode, to the depopition of ap insulating, caleareous film. 'The
development of potential was = slow process with protection not
being-attained right across the piate until approximately five
weeks. Recent studies of galvanic and impressed current cathodic

protection of pipes (Astleya and Schwenké} and plane surfaces

(Kunns) have resulted in mathematical models. These todels,
however, provide a quantitative description of the distribution
of potential (or current) either at particular times or after
Yequilibriur conditions™ have been obtained. The present authors
have approachéd this field of research ab initio as a time~
dependent phenomenon. The aim is to investigete and gquantify tke
nature of the time-dependency, to determine the mechanisms
involved and to produce a model to predict the hehaviour of
systems in & way useful to an engineer.

EXPERIMENTAL

-t :

Fig. 1 shows the experimental system, A one metre long pipe
was immersed in a tank of electrolyte and subjected to impressed
current cathodic protection. The outside of the pipe was painted
to reduce current demand and one end was sealed as preliminary
atudles shows that this effectively doubled the length. The pipe
was made the cathode in the system, with & carbon rod as the inert
anode; impressed potential was controlled by a precision potentio~
agtat with reference to & silver/milver chloride (88C) reference
electrode. The potentials at different points within the length
of the pipe were measured by miniature versions of the reference
electrode connected via a multi-position switch to a high~
impedance digital voltmeter. Throughout, the following termin-
ology has been used:

EINIT = the initial potential (88C) of the pipe
EIMP -~ the potential (SS5C) impozed upon the pipe
EMEAS ~- the potential (85C) measured at any one of the

mint-electrodes,
RESULTS

Typical results for a copper pipe in sea water are shown in
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Fig. 2. fThe curves show the distribution of potential at different
digtances from the oven end of z pipe at different times after. the
system was switched on. In this case the initisl potential of

the pipe was ~210 mV and the imposed potential was ~850 mV.

The curves show how potential varied down the inside cf the
pipe and at any one point became nore negative, ie cathodic, with
time. If the potential required to protect copper from corrosion
ig ca -350 mV, then it can be seen that the pipe was protected
along its entire length, ie 26 diameters, at some time between
900 seconds {15 minutes) snd 3600 seconds {one hour). The
potential attained along the pipe after one day is shewn im the
pottom curve. Closely similar results were obtained using
4% NaCl solution as the electroiyte (Fig. 3.

Fig. 4 shows typical results for a mild steel pipe in ses
water with an initial potential of ~700 mV and the same imposed
potential of -850 wV. In this case protection may be assumed at
& potential of ca ~775 mV; it took approximately 25 hours to
achieve this value along the eantire length of the pipe interior.
The more negative initial potential of the steel pipe, compared
with copper, lLimite the available driving potential and it is
not possible to increase this gignificantly, as imposad potentials
more negative than approximately -900 mV are likely to result in
electrolysie of the sea water. Agailn, nowever, it is clearly
posgible to establish a protective eathodic potential down the
interior of a pipe, in this case for soue 37 diameters.

tn addition to studies of the distribution of potential under
a variety of comditions tota} current demands in the ijmpressed
system have been measured. TFig. 3 shows results for two diameters
of copper pipe in ses water and 3% sodium chloride solution.
Cuyrrent demsnd decreased with time, approsching a 1imiting value
and results were closely similar in both electrolytes. Although
abpoiute current demands differed for the two pipe dizpeters
the current densities were virtuslly identical.

Events following the removal of the protective potential
were alac monitored. From Fig, 6a it can be seen.that there is
& steady decay of potentieal within the pipe after the current is
switched off. If this decay is examined at a specific electrode
(Fig. 6b), it wiil be seen.that the potential decays exponentially
with a time constant of 1300s to a condition some 190 aV more
pegative than the initisl potential.

THEORETICAL ANALYSIS
The shape of the potential/distance/time curves suggested

similarities to those from studies of solld siaste diffusion or
heat transfer. As transport phenomens are certainly involved
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in the development of cathodic potential an empirical approsch
hag been developed employing & potential analogue of Fick' s -
Second Law, in which concentration {(C) is replaced by |
potential (E) and the diffusion coefficient (D) by a parsmeter
the present authors have pamed the Coefficient of Potential
Development ().

Biffusion Potential Development
ac a%c % _ g 2%
e = B-—wm — = —————
3t 2 3t 2

Loex _ x

{x = distance, t = time)}

. To use this model it is'aacessary\to convert the raw
potential dats to fractional change in potential, which has been

B - E,
termed ¢, where ¢ = MEAS NIT .

Eve  ~ Eryir

As & first attempt at quantitative analysis the semi-
infinite medium was chosen as an approximate modei of the physical
system, Apalysis suggested that § values of approximately

10 -4 2 -1 and - § x 10 -8 2 -1 degeribed the changes of potential

within coppar and steel pipes, respectively. There was an
apperent varistion of £ in that experimental developmant of
potential slthough initislly faster than predicted, later becane

slowers._ These results encouraged an investigation of the
‘solution for s plane sheet which is belleved to be a closer
approximation to the experimental geametry. Uaing three npon-
dimensional groups;

m
i

fractional change in potential

[H4

x/% fractional change in distsnce where £ = tube iength

-
i

D t/!.z (for constant © and 2 , this is equivalent
to time), '

& solution of the following form is obtained:
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n 2 2
- 4 {~1) ~(2n+1} ® n/4 - (2n+1YT (/R
e= 1 = ) v cog 3

n=0 "

As with the semi-infinite medium solutions the phenomenon was
originally treated ag a single stage mechanism based upon linear
transport; a comparison of theoretical curves from the plane sheet
sclution and typical results (Fig. 2} is shown in ¥ig. 7. Up to one
hour the fit is not very close but thereafter there is a marked
improvement. There was an apparent variation in P similar to

that observed with the gsemi-infinite medium modals.

Regults from Figs. 2 and 6b indicated that & condition some
100 mV more negative than EINIT is rapidly attained, which

appsrently has a considerable degree of sta?ility. Accordingly,
a two stage mechanism has been postulated involving an initial
rapid change to around -310 mV, a value termed E background,
taking place after the appiication of an impressed current,

followed by linear transport. In this cage € = EMEAS - /

£
BEGD

E and the rapid potential change is approximated by

e~ FeReD _
& step function. Using & two stage mechanisn there is ¢lose
agreement between practical results and theoretical predictions
(Fig. 7). Analyais of these curves shows that much of the
apparent variation of the coefficient of potential development

has been removed - values “or B are presented in Table 1.

TABLE 1. VALUES FOR THE COEFFICIENT OF POTENTIAL
DEVELOPMENT - COPPER PIPE, TWO STAGE

MECHANISH
4
time (8) | 380 300 1800 3600 10800 L0 28800
i E
sy frx 1074 6.7 x 107 | 5.6 % 107 3.3 10 3,7 x 107 |z x 075 28 x 07

ﬂe#n:S.S % 10-5 mzs”l

DISCUSSION

from such results and analysis it is possible to examine
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mechanisms which may contribute to the development of potential
within a pipe by a tramsport-dependent phenomenon; the following
four are considered to be the stronpgest contenders?

Calcareous deposits, as suggested by

LaQuaz_and others

Protective films, other than calcareocus

IONIC TRANSPORYT deposits

Double layers, formed at the metal/
electrolyte interface

MOLECULAR TRANSFORT Oxygen, as the major cathodic reactant
: : under the experimental conditions

Gf these it is possible to e¢liminate chalking ~ at least, as
a short-term mechanism, Results from studies carried out using
9% sodium chloride solution as the electrolyte (Fig. 3) show that
the time-dependent development of potential is closely similar
to that in sen water (Fig. 2). Obviously, NaCl soliution contains
none of the elementy, such as calcium and magresium, which have

been descoribed by LaQuez as the major components of an insuleting
layer of "cathodic chalk™. It is, of course, possible that other
kinds of films on the surface of the pipe could contribute to the
development of catshodic protection.

An dinvestigation of the nature of other possible fiimg was
carried out by X-ray crystallography of deposits formed on
copper discs immersged in sea water and solutions of NaCi, h&gCl2

and Ca012 for 6 hours at an impressed potential of ~450 mV., The

only constituent identified in the deposits was cuprous oxide,
with the exception of Ca012 soluation where Ca(OH)z wes alsa

present. It would seem likely that such surfece deposits form

Aa a result of the increased alkalinity at the cathode and it is
suggested that they are an effect of the development of cathodic
protection, rather than a cause. It must, however, be enphasiged
that the composition and density of surface f£ilms can be
dependent upon potential and current density. That these films
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are not by themselves protective, at least under the experimental
conditions, is shown by the exponential decay of cathodic
potential when the impressged current is switehed off (Figs. Ba &
b): Such behaviour lends suypport not only to the belief that
discharge and bdbuild-up of electrochemicial double layers st the
cathode surface may be involved in the development and decay of
cathodie protection but alsc to the idea of a metastable
interface state some 100G mV more negative than the free corrosion
potential. The time constant of decay to this state is 1500s.

As far as molecular Iransport as a mechanism is concerned

oxygen, which is the major cathodic reactant {Qz + 2H20 + 4e + 40H )

in alkaline or near neutral electrolytes is the most likely
contender. ‘This factor has bheep examined in pipes and in a -
parallel series of studies on plane surfaces. These latter studies
have been illuminating, showing that development of impressed
poteantial (Fig. 8) is much faster in situations where the supply

of dizssolved oxygen to the cathode surface is reduced either by
increasing electrolyte depth, providing & physical barrier or
deaserating with sn inert gas. Cleariy oxygen is one factor which
must be aliowed for in any expression ford9 .

Ty?icai experimental values forja +for copper pipes,of

about & x 10 -8 2 -1 need to be accounted for in a theoretical

4', —
expression. Az the most mobile ionic species E and OH ,have

diffusivities of approximately 10 -8 and & ® 10 -8 2 1,
respactiv&iy, the problem has been approached by considaringdb
to be th& product of the diifusivity ¢f & key ion and a non-
dimensional group composed of those factors known or suspected
to influence the spread of potential. The expression at preseht
boing exanined is:

.

D = (aitfusivity of key iom) x {(electrical comductivity of
’ -l
electrolyte) x {(potential gradient) x (current density)
% (1 - function of oxygen concentration)}
Values are available for all these quantities with the exdeption'
of potential gradient and the function of oxygen concentration.
Present work is directed to evaluating these two parametesrs.

CONCLUSIONS

1, It has been established that there is a time—dependent
development of cathodic protectiom within plpes.
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2., -~ The phenomenon has been guantitatively described by'a two
stage mechanism involvirg an initial step ehsnga of potential
followed by & transport phenomenon.

3. The transport phenomenon has been described using a potential
apalogue of Fick’'s Second Law. The coefficient of potential
development has been shown to be approximately’

5 x 10 -8 mas for copper.

4, The oxygen content of the eletrolyte is e major factor in
the rate at which potential develops.

&. The coefficlent of potential development is suspected to
be the product of the diffusivity of & key ion and & non-
dimensional group composed of factors affecting the spresd of
poténtial.

6. The formation of calcarsous deposits is not & zajor mechanism
for the spread of cathodlc protection - at least in the short
ters. Such other films which may form appear te be the result

of the increased alkalipity in the vicinity of the cethode rather
than a cause of protection.
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AN INITIAL INVESTIGATION OF pH CHANGES CLOSE T0 THE SURFACE OF

ALUMINIUM WETH PROLONGED CATHODRIC POLARISATION IN SEA WATER

D. RUROF DAVIES and K.G. WATKINS
DEPARTMENT OF METALLURGY AND MATERIALS TECHKOLOGY

UNIVERSITY COLLEGE OF SWANSEA, SWANSEA, SA? 8PP, U.K.

ABSTRACT

The change in the pH of sea water with distance from the surface
of cathodically polarised HS30 aluminium alloy and the effect on
the deposition of calcareous deposits has been investigated. It
was found that both calcium and .magnesium compounds were
deposited only after prolonged polarisation and at values of pH
in excess of the theoretical values for the deposition of these
compounds from sea water. Once formed magnesium cowmpounds were
more effective than calcium compounds in buffering the
electrolyte near the surface sagzinst increase in pH under the
conditions of the test,

RESTOME

La variation de pH de l'eau de mer en fonction de la distance a
1a surface d'un alliage d'aluminium BS30 cathodiguement polarisé,
et son effet sur le dép6t de calcaire 3 la surface de 1'alliage
ont fait l'object de la présente dtude.

11 a été mis en eVvidence que les compos€s calciques et
magnésiques ne se deposent qu' aprés une polarisation prolongéde,
a des valeurs de pH supérieures sux valeurs theoriques calculées.

ies compose’s magnésiques une fois formds se sont révélés aveir,
dans les conditioms expérimentales, un effet tampon sur
1'electrolyte, a proximitd de la surface, plus marqué gque les
composds caleciques.
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INTRODUCTION

Changes in the pH of the electrolyte c¢lose to the surface of
aluminium with prolonged cathodic polarisation are of fundamental
importance in the cathodic protection of the metal in marine
erivironments.

The cathodic protection of aluminiuwm is achieved by cathodically
polarising the metal to such a potential that passivity results,
a condition also achieved when the zluminium is coupled wirh
zinc,

The predominant form of attack on aluminium in agueous chloride
solutions is that of pitting corrosion. This may be inhibited,
however, when the metal is cathodically pdlarised, but the
appiication of a cathodic current results in the production of
08" ions b% the oxygen reduction and/or hydrogen evolution
reaction. (1)

2 Hy 0+ 0y + be ™ & (OH)" (13
2Hy G+ 2¢ -2 {0H)” + Hy {2)

At potentials slightly more tegative than the free corrosios
potential the predominant  cathodic reaction is diffusion
controlled oxygen reduction, but as the potential becomes more
negative the predominant cathodic reaction is the activation
controlled hydrogen evolution.

The accumulation of hydroxyl ions in the electrolyte close to the
metal surface may lead to a localised increase in pH. This is
unfavourable in the case of aluminium which, because of its
amphoteric nature, may suffer cathodic corrosion - a specialised
form of attack resulting in the formation of aluminate ions.

AL + OH + Hy0 = Al0,” + 3/2 H, (3

Depending upon environmental conditions, some cathodic corrosion
will generazlly take place and thus the effectiveness of cathodic
protection on aluminium depends upon the application of cathodic
polarisation saffici?ns to inhibit pitting while wminimising
cathodic corrosion. ‘

The magnitude of the pH close to the surface of aluminium during
cathedic protection is important since the corrosion rate of the
wetal in alkaline enviroaments increases sharply with increasing
pH. Factors which mitigate against s Jocalised increase in pH
will similarly be important, In ses water such localised
increase in pH may result in the gselubility product of sparingly



soluble alkalime earth compounds such as CaC0y and Mg{0H)y being
exceeded:

¢a?* + HCO,™ + OH™ - CaCly + Hy0 (4)
andfor
Mg2* + 200 - Mg (OH), (5

theoretical estimates of the pH at which CaCl,; and Mg&%@)z are
deposited from sea water are 8.7 and 4.7 respectively.

The formation of such compounds may be beneficiae in buffering
the electrolyte against further rise in pH 3) and, wopon
deposition on the aluminium surface, in reducing the current
required for polarisation and thus Ii?iting rthe rate of
production of OH  ioms (in (1) andfor (2)) (1% »6} | calcareous
film formation has also been found to be of importance in the
cathodic pretection of steel in ?asine environments, an ares
which has beem recently reviewed. 7

The purpose of this investigation is the preliminary study of the
pE changes close to the surface of an aluminium alloy in sea
water during prolonged cathedic polarisation, and the macroscopic
obgervation of the effect of such changes o the deposition of
caleium and magnesium compounds. :

EXPERIMENTAL
Specimens of size 4.5 x 2.2 x 0.20 cm wexe prepared from HS3O

aluminivm alloy strip. The composition of the alloy was as
follows:

i .86 TL 0.018
Mg .65 in 0.915
Mn G.42 3 £.003 %
Fe 0,39 Al kalance
Cu .03

Sea water was collected from deep water off Swanses Bay and
f{ltered through a O.2pm micropore filter.

The apparatus shown schematically in ¥igure 1} was developed to

enable the pH of the sgea water close tfo the cathodically

polarised aluminium alloy specimen to Dbe determined. The
specimen was mounted horizontally and securéd between the perspex

frame, (A) and the base-plate, (B) by means of six stainless

steel screws. Water—tightness was emsured by the incorporation

of grease~coated rubber gaskets between the specimen, the frame

and the base-plate. Electrical connection was made to the

specimen by means of a sprung copper strip (G) secured to the

base~plate to which was soldered an insulated wire.(D)
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The pH of the sea water was determined by the use of an antimony
micro electrode, (E) in conjunction with a saturated calomel
probe*, (F}. Calibration was carried out in buffer solutions of
pH 8.0, 9.2 and 10.0 and,in this range, & straight-line
relationship between pH and the potential difference of the
electrodes was obtained.

The apparatus which was ewployed to hold the pH electrode system
and move it accurately with respect to the surface of the
aluminium specimen is also shown schematically in Figure 1. ‘This
arrangement ha?s?een adapted from an experimental apparatus used
by Xobayashi to deteyrmine the pH close to the surface of
cathodically polarised steel in NaCl solution.

The electrodes were secured in the plate € which could move
freely on the stainless steel rods, H against the springs I.
Piate G, and hence the electrode assembly, could be moved
ageurately in the vertical direction by means of the micrometer
barrel, J, rigidly mounted in the fixed plate XK. The aluminiom
specimen was cathodically polarised by means of the current
supplied by the Marston MA 84 platinised titanium vod, L. The’
potential of the aluminium was monitored by the saturated calomel
reference electrode, M and was regulated by means of a Chemical
Electronic TR-70-24 potentiocstat. The cell was filled with
200cm” of sea water of imitial pH 8.2. Cathodic polarisation was
carried out under guiescen? conditions at room temperature (
20%¢) at potentials of -i,0, ~1.1, -F.2, -1.3, ~1.4 and -1.5V for
periods up to 5 days. The detection of the formation of calecium
or magnesium compounds on the aluminium surface was limited to
the macroscopic appearance of these compounds and where cthese
were observed they were investigated by means of S.E.M. and X-ray
microprobe analyses.

¥ both menufactured to specification by Probion Ltd., Glenrcthes,
Fife, Scotland.
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RESULTS AND BHISCUSSION

The pH of the sea water as a function of distance from the
surface of the aluminium alloy during cathodic polarisation at
potentials of ~1.0, ~1.}, -1.2, -1.3, -1.4 and -1.,5V is shown in
Figures 2-7.

At potentials of -1.0 and -1.1V the pB close to the surface
{0.05mn) has rises fo 9.6 after 20 hrs. This is in excess of the
theoretical estimate of the pH for caleium carbonate deposition
from sea water (B.7} wvet there was no evidence of deposit
formation on the aluminium alloy surface, suggesting that the
process %%ht also depend on factors such as nucleation and
growth.

Calcareous deposit formation at a poteantial of ~1.2V was siight
and was only apparent towards the end of the 5 day polarisation
period., The deposit took the form of small spheroids (Figure 8)
which had incompletely covered the aluminium surface. X-ray
microprobe analysis determined the deposit as Ca++ with Mg+t
absent., Despite the formarion of a calcium compound the pH of
the sea water close to the surface remained high after 5 days at
10.3 {rigure 4}.

At potentials of «1,3, ~l.4 and ~-1.3V (Figures 3, 6 and 7,
respectively), deposit formatbion was more pronounced and resulted
in a2 film which complefely covered the surface of the specimens
for testing times up to 3 days, But after 20 hours, before the
deposits had formed, the pH close teo the surface was not
prevented from rising to values as high as 10.8. After 5 days (4
days in the case of the specimen polarised at -1.4V) when the
deposits had formed, the pH near the surface had decreased to i0
or below and was close te the theoretical walue for the
deposition of magnesium compounds (9.7} (i.e. 9.7 at -1.3v; 18.0
at ~1,4V {after & days), 9.8 at ~1.5V)., S.E.M. observationms
{(Figures 9, 0, 11} revealed the presence of small spherocids
embedded in 2 wmore uniform matrix. X-ray microprobe analysis
determined the spheroids as Ca++ with Mg++ absent (as at -1.2V)
and the more uniform matrix as Mg++ with Ca++ absent, suggesting
CaCl4 sphercids in a wmatrix of Mg{OH)Z.

These resulis suggest that under these conditions, while calcium
compounds are deposited from the sea water af a lower pH than
magnesiom compounds , they are lese effective in buffering the sea
water close to the aluminium surface against ride in pH. One
explanation is that the magnesium compounds, once a suitable pH
for their deposition has been established, nucleate and grow more
effectively than calcium compounds.
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CONCLISIONS

The following comclusions are reached concerning the cathedic
polarisation of HS30 zluminium alloy in sea water under the given
conditions:

1. The deposition of caicium and magunesium compounds limit the
rise in pH close to the surface only after prolonged
polarisation {up to 5 days) and at potentials more negative
than ~i.2V. '

2. Calcium 2nd magnesium compounds are deposited at pH values
greater than the theoretical estimate of the limiting pH for
their deposition from sea water, possibly because of factors
connected with nucleation and growth.

3. Once formed, magnesium compounds are more effective in
limiting the rise in pH close to the surface although a
higher pHt is initially required for “heir formation.

The effect of calcium compound formation alome (i.e. at -1.2V)
over longer periods of testing merits investigation.
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FIGURE 1. Schematic diagram of apparatus for the
determination of the pE of the sea water close o
the surface of & metal during cathodic polarisation.

[Key: A - perspex frame; B - base plate;

¢ - sprung copper contact gtrip; D - insulated
wire; E - antimony electrode; ¥ ~ saturated
calomel probe; G - movable plate; H - stainless
steel rods; I - springs; J - micrometer barrel;
K - fixed plate; 1 - platinised titanium

counter electrode; M - saturated calomel reference
electrode i, :
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FIGURE 2. The variation of the pH of the sea
water with distance from the surface of HS30
aluminiam alloy cathodically polarised at 1.0v.

[KEY: @ after 1 hour; O after 20 hours }
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FIGURE 3. The variation of the pH of the sea
water with distance from the surface of HS30
aluminium alloy cathodically polarised at 1.1V,
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FIGURE 4. The vartation of the pH of the ses

water with distance from the surface of HS3D

aluminium alloy cathodically polarised st -1.2V.

[XBY: o after 1 hour; o after 20 hours;
a after 5 days}
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FIGURE 5. The variation of the pH of the sea
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4.3V,
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FIGURE 6. The variation of the pH of the sea
water with distance from the surface of HS3D
aluminium alloy cathodically polarised at 1.4V,

[KEY: © after 20 hours; a after & days]
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FIGURE 7. The variation of the pH of the sea
water with distance from the surface of H830 .
aluminium alloy cathodically polarised at 1.5V,

[KEY: O sfter 20 hours; a after 53 days ]
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FIGURE 8.  Scanning electron micrograph of the
surface of HS830 aluminium alloy after cathodic
polarisation at ~1.2V in ses water for 5 days

{x 50}

FIGURE 9. Scanning electron micrograph of the
surface of HS30 aluminium alloy after cathodic
polarisation at -1.3V in sea water for 5 days

{x 50)



FIGURE 10. Scanning electron micrograph of the
surface of H830 aluminium alloy after cathedic
polarisation at 1.4V In gea water for &4 days

{x 50

FIGURE 1I., Scanning electron micrograph of the .
surface of H830 aluminium alloy after cathedic
polarisation at -l.5V in sea water for 5 days

{x 50)
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ROLE DE L'INGIDM DARS LA DEPASSIVATION BES
ANODES Al-Zn-In UTTLISEES EN PROTECTION CATHODIQUE

3.1, RaMEAUY , ph. oDENEZ®® et M. ¢. REBOUL™

% aboratoire d'Energétique Electrochimique LA CNRS 265
ENS Electrochimie Electrvométallurgie de Grenoble INPG
Pomaine Dniversitaire, BP 75 ~38402 SAINT-MARTIN DY HERES~

**&lﬁminium Péchiney, Centre de Recherches et de Dévelop—
pement, B.F. 24 -38340 VOREPPE-

RESUME

L-"alliage Al-Zn 5% -~ In 0,02% est utilisé sous forme MOV~
lée comme anode sacrificielle pour la protection cathodigue
de structures en acier immergées dans l7eau de mer{l). En
effet, le potentiel imposé par l7alliage mis en court-cir-
cuit avec L acier est - 1,1V/ECS, inférieur de 0,3V environ
‘au potentiel de 17 acier dans 1"eaun de mer. A c¢e potentiel,
i”alliage ne se passive pas mais se dissout de fagon régu-
lidre. L indium joue donc un réle sur la dépassivation de 17
alliage, comme le font le mercure {2}, 178tain{3) ou le gal-
1ium{4}. Pour expliquer ce rble, nous avons étudié 17influ~
encede 1l addition d”indium % 1 aluminium pur et aux allia-
ges aluminium-zinc sur la structure métallique, sur les pro-
priétés &lectrochimiques et la morphelogle de la dissolu-
tion, et sur les caractéristiques de la couche d oxvde.

ABSTRACT

The Al-Zn 5%-In 0.02% alloy is employed formed as a mold
as a sacrificial anode for the cathodic protection of steel
structures in the séa water{1). Thus the imposed potential
on the structure is - 1.1V/ECS between the alloy short—gir-
cuited with the steel, less than ~0.3V than steel in the
sea water. In this potential, the alloy does not passivate
but if dissolves in a regular way. Indium plays a role in
the Gepassivation of the alloy, as the Hg, Sn or Ga. in or-
der to explain this role we have studied the influence with
the indium addition in the pure aluminium and Al-Zn alloy
in the metallic structure, the' electrochemical properties
in the morphology of the dissolution, and in the characte-
ristics of the oxygen laver.
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~I. STRUCTURE METALLIQUE DE L'ALLIAGE Al-Zn 5 Z ~ In 0,02 Z

L'indium est tr&s peu soluble dans 1'aluminium pur (5) ;

il n'existe pas de composés définis Al-In (fig. 1).
L'étude de 1'alliasge Al=in 3 % = In 0,02 Z au microscope

&lectronique en tramsmission (M.E.T.) ré&léve la présence de précipi-
rés de 1a'phase A13¥e et de nodules renfermant des &léments lourds
(fig. 2). Au microscope &lectronique & balayage (M.E.B.), les nodules
apparaissenﬁ également § ils onf un diamétre d'eaviron 1 wm et sont
localisés dans la zone intardendritfqﬂg (fig. 3). L'analyse X disper-
sive en énergie (E.D.A.X.) indigue que ces nodules renferment prin~
cipalement de' 1'indium (fig. 4) qui existe &galement en solution so-—

lide dans 1a_matrice.

1. PROPRIETES ELECTROCHIMIQUES DE LTALLIAGE Al-Zn 5 % - In 0,02 7

La courbe de polarisation anodigque de z’alliagé dans une
solution dééaézéa contenant 30 g.z_{ de chlorure de sodium a &:@
tracée par }a.méthede galvanocinétique quasistationnaire. On abﬁerve
que le potentiel d'abandon Ea de 1%alliage Ea = - F 34 V/ECS {£ig.5a)
est inférieur 3 celui de 1’aluminium ABS Ea = = 1,02 V/ECS (fig.Sb)
et & celui d'un alliage Al~Zn § 7 Ea = = 1,1 V/ECE (fig. 5¢). Le pgw
tentiel critique de pigiire Ec de 1'alliage B, = - 1,015 V/ECS est &-
galement pilug faible que celui de 1'ABS (E, = = 0,72 V/ECS) et que
celui de ‘1'alliage Al-Zn 5% (E = — 0,94 V/ECS). :

Lorsqu on impose une éen51te de courant aaoélqﬂe ggale a
6,2 A.dm {norme ASTHM), le potentxel en d8bitr B, de 1'alliage Al—Zn

. d
5% - 1In 0,02 7 est 8gal 2 B

q = 1-V/ECS, trds voisin du potentiel
critiqua de pigilire Ec.-Ca potentiei est trés affectd par la teneur en
indium dans les alliages Al-Zn 5 % — In : pour des tenreure inférieu-
res & 89 ppm, il est de 0,955 V/ECS, alors que pour des teneurs supé-

tieures & 80 ppm, il est Bgal A4 - 1,1 V/ECS {fig. 6).
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Le rendement de dissolution des alliages Al-Zn 5 % - In dé-
pend également de la teneur en indium : pour des teneurs inférieures
3 80 ppm, ce rendement est inférieur & 60 Z par suite d'une importan~
- te autocorrosion de i'alliage'; pour des teneurs In > 80 ppm le ren—
dement atteint 92 % (fig. 7). Aprés dissclution pendant 10 jours sous
6,2 A.dmwz, il existe & la surface de 1'alliage Al-Zn 53 %7 - In 0,02 %
de :arges cavit8s circulaires 3 fend plat, peu nombreuses, qui coa~
jescent rapidement par propagation latérale, engendrant une corresion
- uniforme avec attaque plus prononcée des joints de grains (fig. 8).
La différence de morphologie est importante par rapport & 1'aluminium
ABS qui présente une attague sous forme de piqives.profondes 3 aspect
cristallographique {fig. 9) et par rapport 3 1'alliage AZS5 qui pré-
sente une corrosion par piqlires qui se développent préférentiellement
dans 1a zone interdendritique (fig. 10).

Le diagramme d'impédance &lectrochimique relatif a 1fallia~
ge Al-Zn 5% - In 0,02 Z en solution aérée NaCl 30 g.lw} est, 4 1a
rension d'abanﬁoq E_, de méme forme (fig. 11a) que celui relatif A
1taluminiwe ABS (fig. 11b). Teutefczs les valeurs de la résistance,
caractdristique du circuit 8lectrique &quivalent R-{ paralieie cor—
reagﬂndant aux hautes fréguences, sont trds différentes : environ .
60.0060 Q.cmz pour 1'aluminiumA 85 er seulement 7000 Q.cmz posr 1'al~
iiage Al-Za 5 2 - In 0;02 7. Ces résistanées sont caract@ristiques
des vBdactions qui se_prc@uisent 3 1'8lectrode car elles &voluent
avec la tension anddique ou cathodique impos8e & 1'é&lectrode, lLe
rapport dés 7 résistances est sensiblement le mﬁme gue le rapportlf
des résistances de polarisation détermindes & partir des courbes de
polarisation (fig. 5a et 5b) et indique donc le rble de 17 ind ium dans
la diminution de cette résistance. La partie basses fréquences des

-diagrammes d'impédance (fig. ila et 11b), qui-ge situe dans le
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demi-plan inductif, est significatif de 1'adsorption qui se prcdui;

3 la surface des 8chantillons, probablement adsorption des ions €1 .
| Nous avons précisé les propriétés &lectrochimigues de 1'in~

dium métaliique en solution NaCl 30 g.lul désaérée, par le tracé de

la courbe de polarisation (fig. 12). A - 1,1 V/ECS, tension critique

-de pigfire de 1'alljage Al~Zn'5 % - In 0,02 7, 1'indium ne peut que

'_“ée trouver 4 1'é&tat métallique et on & 1'8tat d'ions In?f; Lorsqu'on

. : . +
ajoute des ioms Zns

i la solution NaCl 30 g.lui, on constate que le
~potentiel de 1'aluminium A85 est déﬁlacé vers une valeur plus négati-
Ve, quéiie queiécit la quantité de chlorure d'indium ajoutde (fig.13).
.wi'alumxnxum se- recoavre d'indium métallique. C'est donc la presence
de 1n3l en selution qui est responsable de la dépassivation de 1'al~

liage Al-Zn 5 Z - In 0,02 7.

11I. PROPRIETES DE LA COUCHE PASSIVE DE L'ALLTAGE Al-Zn § £ - In 4,02 %

Les £paisseurs,déterminées par ellipsométrie, de la couche
naturelle d'oxyde sur 1'alliage Al-Zn 5 % - In 0,02 Z et sur 1'alumi-
tiium ASS sont ttes voisines et augmentent avec le temps (respective-
ment 43 A et 38 A aprés 5 jours, 87 A at BO A aprés 4 moxs)

En présence d'ions In3 dans la solutlon KaCl 30 g.1 I, ila
couche d'oxyde adhEre mal au wubstrat et s'en détache facilement.

- L'analyse E.D.A.X. d'une couche d'oxyde, d'épaisseur 0,2 ym
ochtenue par anodisation, montre un anrichiséament en indium d'un fac~
teur 20 environ par rapport & la teneur de 1'alliage. Ces résutats
sont confirmés par spectrométrie de masse d'ions secondaires (5.I.M.5):
les profils de 1'ézémeut'iﬁdiam (fig. i4a) et de 1'&iément zinc .
{fig. 14b) dans la couche d'oxyde de Z‘aliiage montrent un earichis-—
Sement en ces’deux &léments.

Des essais de traction d'alliages Al-Zn 53 Z - In 0,02 %
anodisés, montrent que 1'allongement A & la rupture du film dfoxyde

est plus faible (A = 1,88 %) gue dans le cas de 1'aluminium AS5
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(A = 3,08 ). La couche est donc fragilisée par la présence d'indium.
_ La mesure des caractéristiques &lectriques (résistivicé p,
permittivité ¢ et fréquence de relaxation fr} de ces couches d'oxydes
par 1la méthode d'impédance (fig. 152 et 15b) montre que la résistivi-

t& de 1'alliage de 1la couche sur 1'aliiage Al-Zn 5 % - ¥n 0,02 %
est environ 1080 fois plus faible que celle relative 3 1la couche sur

Ifaluminium A85.

IV. MECANISMES DE LA DEPASSIVATION DE L'ALLIAGE Al-Zn 5 % - Im 0,02

A

Bfaprés AKIMOV {6), lorsgu'on oxyde wne.solution solide
métallique, 1'alliage se dissout de fagom homogdne et tous les &1é-
wments passent en solution. Ainsi lors de la pelarisation ancdique de
1'sliiage Al-Zn 5 £ ~ In 0,02 %, le zine et 1'indium en solution so-
lide dens 1'aluminium sont oxydés en Zn2+ ot 1n3+. L.es nodutes d'in-
dium ne sont pas oxyd&s. L'attaque s'initie aux d&fauts de la couche
d'oxyde.

fn présence d'aluminium, les ions In3+ sont réduits selon

Ia réac;ian Al + In3+ > A13+

+ In ;3 au cours de cette réaction la
couche d'oxyde devient moins adhérente au substrat et elle peut s'en

gséparer pour laisser 1'alliage 3 nu, qui continue alors 3 se dissou-

dre., L'enrichissement en indium de la couche d'oxyde diminue sa ré-

sistance mécanique et sa résistivité électrigue.

{.e mécapisme de dépassivation est autocatalytique puisque
la dissolution est activée par les ions In3* qui sont produits dans
les zones actives de dissolution., Le zinc, qui alugmente ia solubilité
de 1"indium dans 1'aluminium facilite ce mdeanisme ; il augmente &ga-

lement la fragilité des couches d'oxyde.
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Fig. 3 : Image électi‘oniqua des précipitgs d'indium dans 1lal-
1iage A1—Zn 53 Z - In 0,02 Z. M.E.B. (X 550}
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Fig. 8 : Morphologie de la dissolution de I'alliagé Al-Zn 5 I -
In 0,02 Z. Coupe micrographigue, attaque Keller (x 200)

Fig. 9 : Morphologie de la dissolution de 1*alliage A85. Coupe
micrographique, attague Keller (x 53)

Fig. 10 : Morphologie de %a dissolution de I'alliage AZ5. Coupe
microgravhique, attaque XKeller (x 50)
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Fvolution de E, de 1'alliage ABS aprés introduction de chlo-
rure df indium gans 1a solution NaCl 30 g.17! 5
(a) €y 34 = 5.1072 mol.177 (b) Cp g4 = 2.107% mol.1"}
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CALCULATION OF CURRENT DENSITY DISTRIBUTION FOR A CORRECT APPLICATION

OF CATRODIC PROTECTION

A. Colombo - G. Rocchini

ENEL (ftalian Electricity Board)

Via Rubattino, 34 - 20134 MILANC ITALY

ABSTRACT

With reference to an electrochemical system where only two pro-
cesses under activation energy comtrol are present, some criteria are
developed which can be used as a guide-line when designing the
cathodic protection of a structure. These criteria are based on the
use of corrosion current density and polarization resistance. Very
‘ugeful is the concept of the protection effectiveness attained after
polarizat?én of the structure under .investigation, which is founded
on common practice in the field of inhibition.

Some classical electrodynamic concepts leading to the Laplace
equation for the determination of the potential in a region subject
to current flow are also examined. .

Ritz's version of the method of finite elements is introduced
and the PEVACO three—dimensional code is briefly described through
three different applications. The first refers to a classical
electromagnetic problem, the second to an electrolytic cell and the
third te an experimental structure installed by ENEL at one of its
thermal power stations for the purpose of sétting up a computerized
cathodic protection system.

: €
f. INTRODUCTION -~
The importance and interest of the merhods ﬁsed for calculating

potential ang current density distribution. in electrochemical systems
in relation to corrosion processes and metal electrodeposition have
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been particularly emphasized in the review /i/ giving an exhaustive
bibliography that inciudes as many as two hundred references.

As explained in that paper, the problem can be tackled from two
different standpoints using either mathemstical-physical techniques
or empirical relationships directly derived from ex%erimantal obser-
vations. '

: It. is well knowa that to calculate the electric field in an
electrochemical system with accuracy it is necessary to solve the La-
..place equation . j2/ with béundary'coaditions that should take into
_account. the true nature of all interactions occurring between the
‘métal and the solution. The physical model of the metal/solution
interface gives a non-linear current-voltage characteristic whose
<. form may be further. compllcated by the presence of kinetic controls
fjothet than activation energy. Hence, an analytical solution is im-
,f'pOSsible.for'mdst of - thesé problems, except for very simple geo-
"-.:_;»me_triés, a8 illustrated by Wagner 4/,
' Therefore, for problems of industrial interest, like the catho~
- dic protection of condenser water box and tube sheet in a thermal
power station, recourse must be had to numerical methods, expecially
if the subject is to be dealt with in three-dimensional space,

- iIn view of these considerations and in otder to optimize anode
positioning in the case of cathodic protection by impressed currents,
ENEL-CRIN has developed PEVACO, a three-dimensional code based on the
finite elements method which will be described further om.

At -present the code is being used for mapping the current
density on .an experlmental structure instailed in one of ocur thermal
power stations with the aim of settxng up a computerzzed cathodxc
protection system.

The positioning of anodes is a crucial problem, if the current

- density value is to be practically the same in all the zones of the
structure te be protected.

2. GENERAIL

The possibility of preserving the integrity of a metal material
dipped in an aggresive medium by cathodic protection depends on the
electrochemical nature of the corrosion process which allows sepa—
ration of the two partial anodic and cathedic reactipps through ex-
ternal intervention. A very interesting qualitativé description of
the phenomenon can be found in Akimov's book /5f where the kinetics
of a2 global reaction are discussed. In that eazse the reaction
included several processes which were activated in different
intervals of the electrode “overvoltage. In this paper, however,
reference will be wade to 2 current-voltage charactarzatlc of the
foilowzag type:
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i Ié[exp{aﬁE)*exp(*ﬁdﬁ)] # Lg=i, (n

which describes a global process under activation emergy control and
contains, as a limiting case, diffusive control wzth conastant curreat
corresponding to f=0. Of course, 4E is the potent1a1 difference
veferred to the mixed potential of the system under ijnvestigation,
while I.is its corrosion current density,

Eqn {1} can be rewritten as:

i= ~Icexp(—ﬁg.‘iE) <[ trexp (aspy 4E ] _ 2)

-whxch will prove much more useful for our discussion.
From eqn{2} it follows that if the metal/solution’ 1nterface is
to be chiefly subject to the cathodic process aleng, the inequality:

'(a+ﬁ) ABI:&] : - ' ' o '. ‘ (33

must be satisfied.
"If the polarization resistance, Rp la/ is, 1ntroduced the re-
lationship will become:

[r—— .

Rp

which shows'that the criterion of the sole presence of the cathodic
reaction can be expressed using more intuitive physical quantities,
like Rpand I..

It should be noted that condition (4} is exclusively related fo
the method used for neglecting the anodic process in respect of the
cathodic process. The inequality (3) is a step forward as compared
with the common tendency towards neglecting the first term of the
second member .of eqn {1).

The advance of (4) is that it helps determine the protection
potential, if the polarization resistance and the corrosion current
density values are known, Of these, the polarization resistance can

-be determined very e3811y, .while for the corrosion current density.a
direct method can be used. :

A very useful concept is that of the protection effectlveness,
P, which, by analogy with the inhibiting efficiency, can be defined

by .
P = (1 »—%)-zo{} _ (3)
AY Ie : . .

By_eqﬁ (i) and using the Rpand I.quantities eqn (5) becomes:.

AR

1 > | ‘ (4)

e

-
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[i—axp[ E;_z';“ »5).413]] - 100 6)

For a covrosion process controlled by the limltzng giffusion
curgent (BMQ) the preceding relationship will become:

P [z~exp (R’:z)] - 100 : | (6"

From eqn {6’} one may infer that cathodic protection is complete
"when the whole amount of the oxidated species diffusing towards the

surface is reduced by the external. current. The same conclusion was
reached by Engell and Forchhasmer in /7/.

Yet, although the definition of the prétection_effectiveness,
{6} is physically satisfactory in that it is related to I, the pres-
ence of the parameter B limits its practical application to
approximate calculations. An alternative definition in line with {4)
is given by: ’

i, .
P o= (z~--~——.)-100 . (n
e
From this definition and the current-voltage characteristic (1)
it is evident that the overvoltage AE of the electrode, in order to
obtain the protection effectivendss P, is given in any case by:

4E = RyeL+la (1-P+10°9) )

Moreover, by definition (7}, between the external curreat
density, i, and the cathedic current density, i,, there exists thé
relationship:

i=-P. zo"z fig : (9)

from which follows the well-known result that completeé cathodic pro-
tection cannot be achieved by simply applying an external current
whose density equals I.in absolute value..
In one of his works /8/ Schwerdifeger proved experimentally that for
the protection of sample buried in & medium of wvery high electric re-
sistivity a current dessity corresponding to about 3-L is reguired,
0f course, the foregoing appiies only to an ideal electro-
chemical system.In a real case, rthe reference electrode is positioned
at a2 certain distance from the working electrode and the
current~voltage characteristic rakes a more complicated form /6/ :
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i = Ic[expfa C 4E-RiS)] - exp [- 8¢ 4E - RiS)]] . {10}
In equ(i0) R is the electric resistance of the solution between the
reference electrode and the working welectrode and S5 is the surface
area of the latter. Thus, in place of (3} we have:

|<a+3> ( AE-RiS)| > an

which shows that the effect of the ohmic drop must not be neglected
if an optimal cathodic protection is desired.

3. POSITION OF THE PROBLEM

3.1 Mathematical developments

The previocus section has stressed the importance of knowing the
current density distribution in an electrochemical system in that it
controls the kinetics of the corrosion process and determines its
subdivision into the anodic and the cathodic zome. '

The starting point for the determination of the current density
vector, J = ¥ (x,y,2), is the continuity <quation /9/

g 89

div J * 3 o ‘. - e (12}

which, under stationary conditions, becomes:
H

aivT -0 o ,_ (13)

In this paper reference will be made only to eqn{IB) whlcb can
be applied to an eiectrolytlc sclution solely if the concentration of
the electrolyte is independent of time or its variation is so slow
that it can be practically neglected.

Slgnlflcant wvariations requiring the application of eqn(i2) may
well occcur in the double layer /[10/ where all electrochemical pro-
cesses develop.. _ .

© Yet, to aveid unaacessary compllcatlons, the physical structure
of the metal/solution interface will not be considered. It will only
‘be depicted from the mathematical point of view by use of convenient
non-linear boundary conditions. In this depiction the extension of
the znterface is assumed to be equal to zero. According to Ohm's law
/9/ J = o E, where ¢ is the conductivity of the electrolytic so-
1utxon and is conszdered an isotropic quantity, eqn(13) can be trans—
fermed into:
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div oE m  div §+grad GE = 0 . (147

If the conductivity, ¢ ,is not a point functiom, by introducing
the potential, ¥ , eqn{i4) turns into the Laplace equation /9/ :

g 62?’ Fe ’
Pt oo g (15}
ax 6y az

By the wvariational wethods /11/, the solution of this equation is
amenable to the determination of the stationary value of the func-
tional:

N %

L 9% A A (52.?1

F 2 f[f [(ax) (83{ ) * oz ) ] av ' (i)
v _ :

where V is the volume of domain D to which (15) refers. The advantage

of this formulation is that the functiorn ¥ can be approximated by
polynomial forms of the following type:

F =a+bx+cy+di + exy+ ... 17)

and the solution can be replaced by the determination of the values:
of the coefficients of polynomial (17) which render the functiomnal,
F, stationary.

Ritz's version of the method of finite elements 712/, which has
alveady been applied to analogous problems /13/, consists in sub-
dividing domain D into a finite npumber of subdomains, where poly-

nomial (17) provides a more adequate approximation of the unknown

" function, and in expressing the coefficients as a function of the
values of @ for a given number of points, called nodes, taken on the
‘surface delimiting an elementary volume element. The number of nodes
. should be equal to the number of terms of the polynomiai. The ad-
vantage of this procedure is that it imposes the continuity of the .
function automatically, a3 the nodes are common to more than one
volume element. '

‘Substantially, by the method of finite elements the partial dif-
ferential equation €15) is equivalent to a linear system of equa-
tions. It should be remembered that an approximate solution of egn
{15} can be achieved also by the method of finite differences fléf
and the method of finite boundary elements /157, :

3.2 Boundary conditions

For the boundary conditions to be added to eqn(15) .in order to
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attain to a physically satisfactory solution of the problem under
consideration, refersnce should be made to Fig. 1 where domains DI,
DZ and D3 respectively refer to the cathode, the anode and the other
surfaces which delimit the electrolytic cell and are not subject to
current flow.

Thus, the condition toe impose on these surfaces is given by:

L P =0, (x,¥,2)€D3 {18
dn '

where & denotes the unit vector normal to them. The derivative being
equal to zero indicates that the surfaces are not crossed by a cur-
rent flow. - _

As to the boundary conditions to be imposed on the surfaces of
the glectrodes, they depend on the . nature of the electrochemical
processes that take place on them. If they can be considered up~
polarizable /16/, the case becomes very simple. The current demsity
distribution is known as primary distribution. It should be noted,
however, that this model c¢annot be applied in practice because the
current passage induces polarization on the electrodes. In this work
only the electrochemical reaczmns that are governed by activation
energy will be considered, dxffuszve control reguiring the intro—
duction of the time variable, at least as a parameter,

Another approxzmanon, which does not prejudice the fmaZ result
and helps save caicuiatlng time, conazsts in consxdermg the anode
uapoiarxzable. This depiction is, based on the fact tha:: ovarvoltage
on\the anode may be regarded as negligible in respect of the voltage
appiied from the outside, which sometimes amounts to several volts.

On the basis of the previous choice, the condition to be appl:.ed

~ en the anodic _surfacg_ls given by:

$(x,y,2) = const, , (x,¥,2)E€D; ‘ I {197

For the description of the electrochemical process taki‘ng place
on the cathode the current-voltage characteristic (1) will be
adopted. Thus, if @Pcdenotes the cathode poteatial, the boundary
condition fo be applied on it wilil be :

‘Pc;r Flx,y,2) + |4Et , {x,v,2) € D] v o (20)

where the value of AR is determined either by solving egn(l} or
by resorting to a polynomial representgticn of the relationship
AF= 480N

#qn{20) shows how the double Zayer is treated mathematically.
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The depiction practically consists in introducing a potential dis-
continuity on the cathodiec surface, the values of - @«and ¢ referring
to the same points.

If a non-linear condition is to be imposed also &n the anode,
eqn(20) will become:

P = Plx,y,2) ~ IdEai . {21}

3.3 Description of the PEVACO program

For the numerical solution of eqn{15}) with boundary conditions
{18}, (19) and (20) use was made of the method of finite element in
Galerkin'’s formulation /17/ which, as everybody knows, is a parti-
cular form of the weighted residual methods /17/ where weight
functions are equal to shape functions., It may be useful to remember
that in this <case Galerkin's formulation coincides with the
variational method developed by Ritz and briefiy illustrated in &
previous section, whzie shape fuﬁctlons are discussed in detail in
IAVIR . o

The PEVACO code can make use of the 8-, 20~ and 32-node isopara-
metric elements shown in Fig. 2. They are taken from /18/ where the
analytical expressions of the shape functions for the individual
cells are given in detail. An element is termed "isoparametric" when
form functions coincide with the functions that defime its geometry
/19/. Lattices are generated automatically by a procedure hased on
the Bergen code /20/ which generates lattices for three-dimensional
structures and was developed in connection thh the calcnlatzon
programs of the Bersafe family /21/. :

The use of the Bergen code has Dbeen considerably sxmpllfled
because the application of the PEVACO program is foreseen for struc-
tures of well-defined geometry. In investigations of this kind, whose
main purpose is to determine an anode space distiibution that will
ensuze uniform protection of the structure, lattice gemeration is of
great importance in that it facilitates the examination of different
configurations and helps choose the one that best suirs the circum-
stances. Therefore, particular attention was given to this aspect of
the yproblem whose developments are described in /22/ which

"illustrates alsc the pzocedure set up for this particular case and
all the operations. :

In 123 present conflguratzon, the PEVACO code can be readily
appiied to a structurs containing up o ten anodes distributed at
random but subject to the condition of having all the same form and
dimensions. A detailed déscription of the code, which would go beyond
the scope of the present paper, can be found in the user's
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. handbook /23/ where Che algorithms employed and the architecture of

the code are examined in detail. It will suffice here to remember
that the code is written in FORTRAN IV, it consists of 26 subprograms
mutually connected and the algebraic system of eguations for the

‘determination of the potential nodal values is solved by the frontal

method /24/. It can be added that for the use of this code six
data~sets are envisaged to be located either on a disc or on a tape,
The owvtput foreseen in the code is of three different types
which could be summed up as follows: I} printing of potential at
nodes, cathodic overveltage and current density values; 2) a graph of
equipotential curves on the printer; 3} same information on a plotter

/22/.

4. APPLICATIONS

4.1 Analytical case

To check the vdiidity of the PEVACO code we considered a problem

"for the determination of the potential, P{x,y.z}, whose analytical

solution was known. As a test case we chose the classical problem of
the determination of the potestial in a rectangular box discussed in
/25,26/. For the sake of simplicity, the box was assumed to be cubic,
With reference to Fig. !, the boundary conditions were: @=C), @F=(3,
on faces ABCD and EFGH respectively, while for the remalnlng'faces
& was assumed to be equal to zero.

The results obtained for the line segment perpendicular to plane
z = 0 and passipg through peint (O.i; 0.1; 0) are given in Fig. 3 to-
gether with the analytical trend of the seolution, The edge of the
cubs was 0.3 ¢m long and the whole velume was divided into 27
elements. Considering the discontinuity of the pozantxal on some cube
edges, the potential values for their respective nodes were assumed
to be equal to zero. Examination of this figure shows that the accu-
racy of the numerical solution increased with the number of nodes,
which was to be expected owing to the fixed volume of the elements,
and that, except for the twe nodes in the vicinity of planes z = 0
and z = 0.3, the 32-node lattice is a faithful reproduction of the
analytical behaviour.In this case, the results obtained for the
8-node lattice were unsatisfactory. . :

It should be added that whea the function was given values other
than zero at discontinuous points, the rvesults were less
satisfactory, expecially for the 20-node lattice.

4.2 Electrolytic cell

A very important problem in the corrosion field is the knowledge
of the distribution of current density on the working electrode. If
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the distribution is noet reasonably uniform all over the surface, the
information about electrochemical parameters, which concerns the
global trend of the process, way be incorrect unless special devices

are used Lo obtain local data. " '

On the basis of this observation, we thought of applying the
PEVACO code to an electrolytic csll we often use in our laboratory.
For the occasion the cell was considered to be of cylindrical sym-
metyy and the reference electrode was neglected. As can be seen in
Fig. 4, which shows also the trend of current density, the cell has a
height of 10 cm and a 7.5 ¢w vadius just like the anode.

The ARMCC iron working electrode was 3 cm high and had a radius
of 0.7 em. The solution was Hy$04 IN af 25°C. The values of the elec~
trochemical parameters were: Jo=0.666 pA/cm®, by=86.79 mV, bo=102.67
wV. They were derived from a polarizdtion curve of the galvanostatic
pulse type. The electric conductivity of the solution was assumed to
be equal to 3.52-10"3 Q-lem~l. The bases of the working electrode
. were considered as being electricaily insulated from the solution, as
is the rule.in experimental. procedures. For reasons of symmetry, the
calculation was limited to onme fourth of the cylinder and a 20-node
fattice was employed. Complete convergence was achieved after 10
iterations. Fig. 4 shows that the values of the primary current
density are higher than those of the true current density cdrraspon—
ding to the polarized electrode. This confirms the well-known concept
that polarization of a metal is a form of self*§rotection. Bowever,
the most interesting feature is the fact that the distribution of
.current density along the z axis is not uriform and tends to assume
higher values at the $wo bases of the working electrode. This situa-
_ tion can be mended by choosing such dimensions for the counter elec~
trode that the length of the central zone, which prééents a copstant
current density value and is therefore best suited for a study of the
corrosion process mechanisms.will be extended.

4.3 Experimental structure

A cathedic protection experiment was undertaken in the past by
ENEL'4 Construction Management and Societd DE NORA on a condenser of
Monfalcone thermal power station. The results of this application
based on & industrial system canr be found in a paper /26/. Although
some experience had already been gained in the operation of a
cathodic protection with imbressed current by an industrial system,
it was decided to start a specific research program in order to im-
prove the technology and -investigate the physical phenoménon more
closely. : i - :

" Thus, 'with the cooperation of the Production and Transmission
Management, a Yresearch programme was embarked on, which! brought to
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the realization of a computerized cathodic protection system and an
experimeatal structure installed at Pilombino thermal power station.
In this field ENEL is moving in the same direction as other electric
utilities, like the British Electricity Board which we understand has
already implemented analogous systems. :

A schematic representation of the experlmental structure can be
sgen in Fig. 5 which ghows also the positioning of the
platinum-plated titanium anodes. The structure consists essentially
of a rectangular steel-plate box, 3 mm thick, a dipped pump sucking
sea water from the same cooling system as the condenser and a set of
tubes. The dimensions of the water box are: 1.5 m high x 3 m long x 2
m wide. With a delivery of about 5 m®/h the pump ensures a continuous
change of water inside the box. This is of great importance for the
study of calcareous deposits resulting from local alcalinization near
the cathodic zone in consequence of current flow, The design of the
water box provides for occasional mod.*icatioms to solve specific
problems associated with the operation of steam condensers.

The first. part of the experimental work will be a study of the

behaviour of the condenser tube sheet under cathodic protection.
To thig purpose, all the walls of the water box, except BFGEC to be
replaced by a copper alloy, will be covered with a protective
coating. For the numerical applicationm, that fefers to this case, one
copper wall has been considered. :

. For the sake of simplicity, the rectangle AEHD has been assumed
to belong to plane y » 0. In the case on hand both anodes are perpen-
~dicular to this plane and the points at which their axes intersect
the plade are P = (75, 0, 75) and PI=(225, 0,75), the distances being
- expressed ia centimetres. -

The total length of each anode is 30 cm, while the useful length
is 16 com only, the remaining part being electrically insulated. The
external diameter is 1.9 cm. The anodes are hollow cylinders and the
maximum corrent they can withstand is 5A. For the calculations,
however, they were considered solid cylinders and the .possible
current contribution due. to their inner surface was neglected. A more
realistic depiction would have been more orerous and probably not
worth the effort. The whole volume was divided into 294 20-node
elements. , o . . .

As to the boundary conditions for the cathodic surface,
reference was made to the paper of Trabanelli, Zucchi and Carassiti
728/ concerning the bhehaviour of some materials in sea water. The
polarization curve, quoted in Fig., 6 of their paper, was disecretized
and the numerical values thus obtained were processed by the NOLI
method /29/ , which gave the following eléctrochemical parameters:
Iee 104 gAfcm?, ba= 69 ¥, be= 575 mV. '
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It should be remembered that according to the above authors the he~
haviour of the copper/sea water system does not appear to be of the
Tafel -type and that the NOLI method was applied by us as an example
of best-fitting of an experimental polarization curve. A 5V voltage
was appiled to the anodes while the sea water conductivity was as-
sumed ro be equal to 5-10°2 Q-lem™!., As in the previous case,
convergence was achieved after [0 iterations. The total calculatien
time was 27 minutes; of these, 2 minutes were for lattice generation.

From ¥ig. 6, which shows some isopotential curves for .the cath-
odic zone, it is evident that in the case considered protection was

" fairly uniform, the minimum and the maximum overvoltage values, ¥,
being -444 mV and ~42% mV, respectively. The corresponding current
density values, 615 pA/cm® and 579 jA/em?, confirm this observation.
The protection effectivenesses derived from formulae {5) and (7) are
equal to I00Z for the whole cathodic surface. This result is under-
standable, considering the value of the anodic Tafel slope.

“the fact that the total current value exceeds I0A should not
surprise, for the example was studied only for illustrative pUrposes.
In practice, the protection effectiveness we aim at is not so high.
At present, the real case, for which 4 anodes are foreseen, is being
examined in detail. .

The example we have illustrated clearly shows how useful a
three~dimensional calculation code can be for the design of a power
system to be used for the cathodic protection of industrial struc—
tures. By means of preliminary calculations it is possible to define
the total current required for a certain protection affectxveness,
which is generally based either on direct investigation into the
behaviour of a given metal in its working enviromment or on data from
literature. The use of non-linear boundary conditions is justified in
that the indications given by the primary dlstrxbutxon of current
density are by far superior to actual néeds.

Another consideration concerning the sgpace distribution of
anodes and deriving from the calculation. performed is that to
agcertain if curreat density distribution over the cathodic zome’ is
uniform one need not use a very complex structure. A simpler case,
which among. other things allows a considerable saving of calculatzon
tzme, often serves the purpose just as well.
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CATHODIC PROTECTION WITH DEEP ANODE GROUNDBEDS

Joe ¥, Tatum, P.E. and Joseph F. Tatum, Jr., P.E.
Cathodic Engineering Equipment

?,0. Box 1089 Hattiesburg, MS 39401

This paper describes the use of deep snode impressed current
groundbeds, their development, use, and reliability. A
replaceable deep anode system is described as a method to
reduce anode ground bed loss and as a research tool for materiat
evaluation. The paper describes anode "end effect” with a
developed method of genter tapping as a means 1o minimize

anode loss. A method of segmenting the anode surface to obtain
more uniform current distribution, as a means to control the
"end effect” phenomena, is described.

Ce document decrit Mutilisation de bases terrestres & anode
profonde dans le cas de courant imprimé ainsi gue leur
developpement, leur utilisation, et leur sécurité de
fonctionnement. Un systéme remplacable d'ancde profondse

est decrite comme btant une méthode'de reduction des pertes

df: connection a l'anode ainsi quiun outil de recherche pour
Tévaluation des matériaux. Le dossier donne une description
de "T'effet dlextrbmitd’ h Yanode et developpe une méthode

de pris centrale de courant comme #tant un moyen de minimiser
ies pertes a {anode. Une mbthede de segmentation de la '
surface de Fanode afin d'obtenir une distribution de gourant
plus uniforme est développee comme btant un moyen de
controle du phénoméne “dleffet dextremite.” '
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The first recorded instaliation of a deep anode system was
in 1949, Since that time there had been thousands of deep anode
installations made around the world. The design for deep anode
systems by corrosion engineers has been far from consisient.
The different types of deep anode systems are almdst as numerous.
as the number of installations, with some exception. This paper
wiil describe deep anode systems, development work thereon and
anode gystems of a replaceable design utilizing carbonaceous
backfill as a conductive medium between the anode surface and
the earth. The anode systems described herein are for land
based instaliations.

In Aagust, 197%, an installation was developed which
enabled deep groundbeds to be replaced without the necessity
of drilling & new bore hole. A schematic of the design utilized
from which the data in this paper was gathered is shown as
Figure I {(Replaceable Deep Anode System)¥.

When the first replaceable deep anode systems were.
installed, they were designed to give adequate, dependable
service for a period of ten to fifteen vears. Most of the sysiems
ingtalled are still giving excellent service. However, as might
be expected, some systems failed sarly and this inspired the
development work reported in this paper. The replacement
deep anode design enabled the components of the deep anode
system {0 be retreived, the cause of failure determined, and
with indicated design changes to improve service life and make
the systems more dependable.

it was not anticipated that the anodes or wire would have
" early failure, but fsilures did occur and rejuvination was made
possible by the fluidizetion of the carbonaceous backfill within
the plastic casing enabling the removal of the anodes wire and
backiill, once the components were removed, they were observed
and analyzed, corrections were made and new components rein-
stalled incorporating the new designs.

One of the main disadvantages io {ieep anode systems has
been the fact that they were not easily replaced. Once the
replaceable system was developed utilizing carbonaceous backfill
which could be fluidized so that the components there could be
easily removed, we created an enormous research tool o study
the failure of the various components.

Figure II {Round Low Resistivity Carbonacecus Backfil
Magnified 15 Times)* Figure III (Cutaway of Backfil Magnified
169 Times Showing Small Interval Voids) The type of backfill
used is the low resistivity calcined round carbon type with
additives. This backfill contains few internal voids enabling
it to sink readily in water. The round shape facillitates
pumping and causes the coke to be fluidized readily, Additives
of different types gwe the coke to develop properties depending on-

¥ .8, Patent No. 3,725,869
* U.8. Patent No. 4,018,715
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FIGURE I

REPLACEABLE DEEP ANCDE SYSTEM

K U8 PATENT NO. 3,725,669
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Figure II :
Round Low Resistivity
Carbonaceous Backfill

Magnified 15 Times



¥ - Figure III
Cutaway of Backfill
Magnified 100 Times Showing
" Small Internal Voids



‘522

the end use requirement., The Chemical Analysis is as follows:

§2.47% Carbon
5.38%  Sulfur

2.08% Ash
0,08%  Silicon
0.02% Irom

0.00% Volatiles
0.00% Moisturse

The weight is 74 pounds per cubic foot. The Particle
Analysis is as folows:

16 mesh 0%
28 mesh  2.1%
48 mesh 21.1%
180 mesh 60.3%
208 mesh 15,0%
206 plus 1.5%
mesh :

The coke has a resistivity of 0.1 ohms per cubic centimeter
under a pressure of 150 pounds per square inch. Additives
enable the coke to pump readily and develope lower resistivity.

In the earlier replacesble deep anode systems, there was
approximately a 25 percent failure rate. One of the principal
causes was the joss of anode material, anode passigvity or loss
of anode contact to the conductive backfill. There are severa]
types of anode materials utilized in replaceable designs. Thess
are High Silicon cast iron, platinum clad, or platinum plated
anodes with a passive substrate, steel and graphite. This
paper will cover the development work on only one type of
anode material, graphite. In “graphite systems, the reason
for failure is not a long lst. Failures were caused by anode
surface properties, connection failures, sealant failures and
"end effect’. In the majority of the systems studied, the
wire insulation was high molecular weight polyethylene. The
failure because of wire insulation was not a factor in any of
the deep anode systems reviewed for this paper. :

Graphite anodes were utilized in some of the first replaceable
deep anode systems. The initial systems had wire top connections
and linsead oil treated anodes. The current densities of the
installations varied between 800 to 1000 miliamperes per square
foot. Fallure on some systems occured after two or three years
of operation. Of the systems removed, normally only the epoxy
cap, the lead wires and seme anode material could be retrieved -
from the deep anode system. Large pieces of the graphite anode
would sometimes break off and drop to the bottom of the casing
to be ground and flushed out of the hole. '
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An installation was made in 1971 in Mississippi. The
ingtaflation was of the replaceable deep anode type and employed
three 2 x 2 x 72 linseed oil treated, top end connected graphite
anodes, The wire insulation was of the high molecular polyethlyene
type. In 1874, two of the three anodes in this instaliation showed
zerc current output. A decision was made to remove the
components of the groundbed and replace. Upon removing the
anodes it was observed that all of the anodes were experiencing
& penciling type failure on the bottom end and some were
axperiencing a penciling on the top end. One of the anodes
was completely lost in the hole because of this penciling effect.
This phenomena is called Yend effect”. The reason for the
fallure of the anodes was because the current density at the ends
. of the snode exceeds the current density in the center by a
‘ratio of 7:1. Although the anodes are computed by their surface
to carry a current designs lmitation such as 1000 milliamps per
square foot., The "end effect" gaused the current density fo
far exceed the design.

Research was conducted to deterwuine actuslly how much
current was being discharged from the end and how much was
being discharged from the center. These tests were conducted
in a tank of uniform resistivity water. It was readily observed
by taking potential measurements that the current on the eads
was approximately seven iimes the current from the center.
Figure IV {Ancde Current Discharge "End Effect™ This has a
two-fold effect. By the current density being at such z high
level, hydrogen or oxygen gas was evolved from the anode's
surface and this gas evolution gaused the backfill to become
separated from the anede and therefore the anode material would
- be consumed as though the anodes were in an aqueous environment,
Studies were being conducted at the tHime for providing a more
even, current distribution in the anodes but these studies were
Hot available at this particulay time. Therefore, the best way to
axtend the anode lfe would be to connect the anode at the center
and this was done by gun drilling the anode from one end and
installing & brass stud connected to the wire in the center of the
anode. Thus the anode could be consumed on both ends without
losing econtact to the wire connection. Figure V (Graphite Anode
Center Connectior}* One other soluiion would be to install more
anodes and iherefore have them closer together causing a
mutual interference betwesn the anodes on the ends and thereby
reducing the end effect, but this method requires the expanded
use of anode materials and therefore increassed the cost of the
anode bed considerably. The anodes for this bed were cenier
connecied and reinstailed with carbonacecus backfili. Addiiional
life of the deep anode life system was experienced, but another
problem developed. .

*U.8. Patent No. 4,285,725
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FIGURE N
GRAPHITE ANODE CENTER CONNECTION

%{:U.S. PATERT NC. 4,285,728



FIGURE IV
ANODE . CURRENT DISCHARGE "END EFFECT"
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This major development occured because of two replaceable
deep anocde instaliation failures which ococured in Louvisiana, These
systems were installed in 1873, The two systems contained five
3 x 3 x 72 center itap linseed oil treated graphite anodes and wers
designed to discharpe approximately 25 amps. The systems were
in operation until early 1982 when it became obvicus that there
were large fluctuations in the current discharge and s decision
was made to replace the two systems. The systems were removed
and they were typical of deep anode systems observed elsewhere
which contained linseed oil treated graphite. Typically when a
system containing oll treated anodes is retrieved, ol is observed
in the fluidization when the anode column vicinity is reached by
the fluidization. The fluidization is conducted by pumping waier
down a hole into the casing and into discharge ares of the anodes
and will cause the coke to be fluidized, the anodes will become
loose and may be removed for replacement. When the water goes
into the filuidization tanks with oil impregnated anodss, oil is
observed on the top of the water. Tosts revealed that the
carbonaceous backfill which is retrisved from the vicinity of
the anodes has a substantially higher resistivity (15 times greater)
because of the contamination by the oil. This contaminated high
resistivity coke decreased the electrorde conducivity and resulted
in the anodes behaving in a manner similar to anodes having no
backfill. Ths anodes removed from the Louisiana wells had a
58 percent higher materia! consumption rate.

Examination of the anodes removed from the Louisiana
deep anode systems revealed two important points. First was
that the practice of center tapping the anodes would greatly
extend, the life. Second, the problem of the insulating effect
- caused by the linseed oil migration inte the backfill wag apparent,
This caused the anodes to bacome separated electronically from
the conductive carbonaceous backfill and caused the anodes to
behave a8 though suspended in fresh water with resulting
premature failure. Research indicsted that te selve the problem
of surface insulation and high carbon consumption because of
impregnation could best be done by using an untreated graphite.
The reason for impregnating graphite anodes with an oil such as
linseed or other oxidizable oil was because of the pores déveloped
within the graphite particles. The pores developed in the
graphite caused gases to be aceumulated within the anode and
the expansion of these gases caused the graphite to spall off
in large chunks rather than be consumed in a uniform manner.

In experimentation, it was demonstrated that an unireated
graphite surface exposed to lubricated calgined fluid petroleum
coke would greatly decrease the anode consumption rate. The
theory is that electronic conduction between coke particles results
in the gas being generated at the coke periphrey instead of at
the anode and this conduction results in lower anode material
consumption. After the research studies were completed,
instaliations containing unireated graphite anodes were center



tapped and placed in deep anode systems. The anodes were
constructed from high density graphite which contained fewer
pores than lower density graphite, therefore, treating was not

as eritical. Installations with the untrested high density graphite
were observed after two or three years of operation and showed
an improved consumption rate. There remained the problem of
Yand effect®. .

Research was begun in 1978 on a method to improve
current distribution over the anods surface, This was done
by installing insulating segment bands on the anode resulting
in multiple ends and thereby gave a more uniform current
density. Figure VI {Anode with Insulating Segmented Strips)*
Laboratory tests io determine current density by the use of
the segmented anode concept showed the current density
could be maintained at z fairly uniform rate over the anode
surface, this resulted in longer anode lifs.

In 1478, a replacesble deep anode system was installed
in Mississippi. The ground bed site was chosen because of its
uniform underground strats resistance from the surface to bhelow
the 222 foot depth. The deep anode systems was to consist of
two segmented and two conventional graphite anodes. The
dnodes were identical except for the segmentation to decrease
end effects., They were constructed of high density graphite
and confained no oil or pore impregnation. The system was
operated for five years and the anodes removed each year for
observation and weight. Testing of anodes was terminated on
June, 1883, and new anodes of the same configuration and type
ware reinstelled in the test groundbed. Initially, the deep anede
system was enerpized for a total current output of ten amperes
and each anode was monitored so as to carry one-fourth of the
current output. The znode currenis were observed once each
menth and kept within a tolerance of 10 percent. The anodes
were removed for inspection and observation for the first time
on August, 1979. Additional ingpections and observations
. were made in October, 1880, January, 1882, July, 1982, and
June &f 1983. The ohservation at each point indicated that
there was very minor consumpiion on the segmented anodes,
The two unsegmented graphite anodes showed very noticeabls
consumpton on their ends with some pits being dava}npad in
the body section,

The total consumption of the unsagmentad snodes
showed a 20 percent loss of material by weight whereby the
segmented anodes had only a 2.8 percent loss in weight during
the same operational period., This resulied in a 90 percent
reduction in ancde consumption by using the segmented design.

At the present time, the deep anode systems being
mstalled by our company are the center tapped high density

*J.5. Patent No. 4,175,021
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ANODE WITH INSULATING SEGMENTED STRIPS
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graphite segmented type. The failure rate has shown a very
notiveable decrease and the reliability of deep anode systems
have been greatly improved.

The development of the replacesbls deep anode system
has resulted in a tool giving the corrosion engineer an opporiunity
to obsexrve causes of failure in deep ancde systems. The .
observation and testing resulted in g greatly improved anode
performance. A side benefit has been observation of the loss
of anodes because of wire insulation failure and this has
resulted in an improved ancde insulation and a decrease in
failures because of this factor. Deep anode systems may now
be installed by using graphite anodes with a high reliability
factor capable of giving dependable service over their design
life.
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TSUSCEPTIBILITY TO MARINE CORROSION OF AN IRDUSTRIAL STEEL SURJECTED
TE ANODIC PULSES, DURING CATBODIC PROTECTIONT

“ETUDE DE LA SUSCEPTIBILITE A LA CORRUSION MARINE D'UN ACIER IRDUSTRIEL
EOUMIS A DES IMPULSIONS ANODIGUES, SOUS PROTECTION CATHODIQUE™
: ;
_ S. GHENET, J. GALLAND, M, GHODS
Laboratoire de Corrosion et Fragilisation par 1'Hydrogéne
Ecole Centrale des Arts et Manufactures
CHATERAY-MALARRY - ?EANCE -

ABSTRACT

The behavioor of an Industeial mild steel used for coastruction of off
shore platforms, relatively to marine corrosfon was studied. We have observed
the influence of anodic pulses, with different conditioms eof polavisation,

-~ during the cathodic protection, iIm presence of calco-magnesivm deposits. 5o we
achieved always an accelevation of the corresion process, Mo acceptable

cerrcsion{rate could be found In these conditione.
RESIME

e comportement d'un scfer doux industriel, utiiisé dane ls constyuction
des plate-formes off shere a 6ré &tudid vis-3-vis de son comportement 3 iz
corrosion en milleu de type marin. Nous avons observé 17influence de pulses
anodigues, pour difffrentes ‘conditions de polarisation, an’ cours de la
protection cathodigue, en présenée de dEpbts ‘taleomagnbsiens, Nous avons alnsi
toujours - obtenw une acctElération plus ou moins notable du processus de
corrosion, Aucune vitesse acceptable de corrosion n‘a pu Btre trouvée, dans

ceg condirions.
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“ETUPE DE LA SUSCEPYIBILITE A LA CORROSIGN MARINE D' ACIER ZN'bUS’IRIH.
SOUHIS A DES IMPULSI(NE ANODIQUES, SOUS PROTECTION CATRODIQUE™

5. GRENEY, J. GALLAND, M. GROOS
Laboratoire "Corroeion et Fragilfeation par 1'Hydrogame”
Ecole Centrale des Arts et Manufactures %2290 CHATENAT-MALABRY

Nous svons &tudid le comportement 3 la corrogion d'un scier industriel
pour construction “off shore” placE sous protectfon cathodique, avec pour
consfquance crbation d'un d&plt calco-magn@sien (1) (2}, et soumis
pericdiquement 3 des lmpulsions anodiques po potentiel. Ce traltement devast
aiasi entvainer un processus forcd de cotfresion, nous avong observé dans
quelle mesure cette corresfion pouvait 8tre d'un niveau scceptable et w#i le

dépdt forme pouvalt 3ouer'un réle fnhibiteur via-B-vis de 1a corrosion.

Le matériau.

L'acier utiltsf est un acier de construction faiblement _ailiﬁ de type
TE 335", et 2 ia cospositlon chimigue nutvante @

i { " #a | 2 I s 1 ar | w

! } i { ! ] | §

P o4 0,3 | 1,3 | 6,019 § 0,023 F 0,067 1 0,007 §

j i

; #2 § or | Mo i Cu § Sn E v § Fe 5
- i j

P o048 | 002 [0,00091¢,44354 0,601 0,011 f Reste |

(Cowpcsitlon en polda X}

Ses caractéristi.que‘n mécaniques, % 1'dtat normaliss, détemminGes pour une
vitesse de déformation £= 10 %1 somt :

I ‘Re | & 1 & 1 Z Hy |
§ © B 0,2Y {(#Fa) i wa | 0z 1 b4 | {(Vickers) |

- b -4 - I
i 445 bo7e7 1 33,7 | 70,6 | 170 !
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Un examen métailographique révZle une structure fertito-periitique. Les
gralne de perlite se répartissent en couches paraildles 3 ia direction de

laminage. Vis-a-via de la corromien en milieu de type marin, le motal réagis

I

Comportement epn milieu mario {en 1'absence de polarisation),

Le matérisu, apris pol.{ﬁsage, est placek dane unpe sclution de Nall 0,6 M
{35 g/1) ou uue selution d'eau de mer artificlelle (nomme ASTM BI141) pendant
160 heures sans sgitstion, La parte de polds enreglstrie est aleors de 3 mg,
pour une surface immergée de 1 em?. On calcule alnei le taux de corrosion

geénbralisfe qui est de 0,25 mm/an.

Comportement ¢n miliew mardn (sous polarisation).

L 'etude Electrochimique & %1% faite % partir de la ditemmination de la '
tourbe intensit®-potentiel représentie figure L.

On remargue, as retour, un Bpaviement carectérisant une redéposition du
fer qui avalr @té dissous dans le domaine anodlque, par suite de
1'enrichlssement localisdé ay voisioage de 1'§lectrede en fons Fett puteque le
wiifey o' ef;é, pas aglté. On retrouverait un comportement similalve ds;ts le cas
ot un dépdt ::alcwm:;gnésien extsteralt, puisque dans les pores de ce d&pdt on

-
peut Bgalement” comsidérer que I'2lectrolyte est etagnant,

, .
ftude de la corrosion forcée.

Essals prélisinares

Le sipgnal &lectrigue obten: sur 1'dchantillon tépond schimatigquement su

profll ci-desnsous @
1 }

Vecs

bl §

AV,

Py ke,
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Avec AV : potentiel de protection cathodique choist entre -1100 aV¥ et

" 1250 mY . . -

AY¥y @ bauteur de 1'implusion anodique qui dolt Btre suffisamment
grande pour Btre significative. £7e est au mofns &gale & #3200 mv.

Ats : est la durée de T'impulsion anedique comprise entre 5 et 10
secondes. ' _

A e @ temps de matatien sous polarisation cathodique. 1 doit &tre
assez Tmportant pour que }'action béndfique du dépbt calco-magnésien se fasse
sentir, Nous avens chofsi atc' = 2 heures.

ta durie totale d'un essal est de 1’ordre de une § deux semaines, pour
qu'un Btat moyen statfonnaire pulsse &tre observE et que la dispersion des
résultats ne soft pas trop fmportante. Les essais ont 8t r@alisés en
utilisant umr génBrateur de signaux arbitralres pilotant un potentiostat &
réponse rapidé de fagon & éviter une déformation du signal de pilotage. La
celiuie d'&lectrolyse contient une &lectrode au calomel saturde {EC€S) ume
contre-Blectrode de platine et 1'Bchantillon d'acier de surface ¥ caf.

tLes chutes ohmiques dues § Ya résistance de {'Blectrolyfe et § la
géométrie de ta cellule soat négligeables,

tn test d'imwnité, au potentiel cathedique choisi, a Btd effectud dans
les condftions sufvantes : _
~ aprés polissage, une fmpuiston anodigue 3 +¥200 a¥/ECS pendant dix
secondes est appliqude au métal soumis ensuite 3 une polarisation
cathedique de 1100 wV/ECS pendant quatre jours,

hucune perte de poids n'est enregistrée, apris gue e dépdt Formé en
surface ait &té &limind, ' :

Expiriences avec polarisatfon anodique tarnpora!'re.

Be nombreuses valeurs de AV, AV,, At., At,, ont &té envisagles, Nous
ne décrirons fof qu'un petit groupe d¢’expériences significatives, mettant plus
particulidrement en &vidence le rOle du déplt calco-magnBsien et son adhérence
en fonction de 1'orientation de Ja surface (verti'ca'fe ou horizentalel.
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cathodique de 16 heures B —1100 uV/ECS.

tes Impulsions anodiques de B secondes 2 1375 aV/ECS sont espacBes de
deux heurea pendant lesguelies on maintient une polarisstien cathodique de
~1158 wV/ECS, Les résultate des esssis d'une durfe de plusleurs jJours aoat

rEagunis dang le tableau ci-dessous.

; Durde de 1'essal H ‘Yitesge de corresion I

1 e - ]
[ 144 heures i 0,83 pofan §
; 176 heures ; 0,97 wa/an I
{ 192 heures H 1,25 amfan H

On voit sur les earegletrements cqrmspoéc!auts V{t) et I(1) que_.}g- retour
3 1'6tat stable dans le domsine cathbodigue 8" effectue &n deux miputes eaviren
(Figures 2 et 3)}. Op obpexve un Bpaulement kur la courbe cathodique pouvant
£tre A0 3 une redSpositfon du fer {aon sdhirent} 3 1' intérieur du dépdt calco-

wagnbaien poreux,

11 faut remsrquer au cours de 1'essal un certain nombre de décclienente
du dapldt _cal:;o*ﬁmgnés&&n, en relation avéc 1a présence des pulses anodiques.
Cela accentue done 1 fmportance de la corTosion.

{ :

Den. ensata complémentaires de trofs heures eotye topuieions suodlques e

nous ont pag permis ¢"sbaisser de fagon appréciable ls vitesse de corroslon

qui teste BlevRe, en comparalgon aveo ten valeurs observBes em corrosicn libre.

On a aloers wtilis les conditions m.xivanzes H
polarlantion cathodlique de 16 heuree a ~1100 w¥/ECS ;
- impulslons anodiques de 10 secondes 3 +1400 oV/ECS
- intervalle de temps de deux heures 2 ~1250 mVfECS

i

~ gurfe totale de 1lexpBrience : 178 heures,
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Bans ces conditions Te dBpdt ne peut plus tomber en se détachant de la
surface du métal et son taportance vis-3-vis de ?‘inhibitien de la corresion
est plus grande, :

Orn obtient alors une vitesse de corrosfon plus faible de 0,49 mn/an
seuiement, qui a diminué de 50% environ, mais qu! reste encore assez &levde en
vateur absolue,

les résultats sont confirmés & 1'alde de )a comparaison des
enregistrements T{t} mettant en &vidence une diminution de 1'intensitd du
~ courant éans Tes dam&ines anadique et cathodique Iorsqne 1a surface est
'fecouverte d'on dEpbt. Epais.

Yne ftude de celut-ci au microscope electroniqae i ba?ayage n'a pas
penufs d'observer de. différence sensible sur 1a morpholegie du dépdt
calco-magnésien obteny en présence ou non ¢ impuisions anodiques,

BISCUSSION DES RESULTATS

Cette Gtude montre 1¢: danger qu'i) y & 3 envisager Ta possibilité de
polarisation ancdique temporaire d'ume structure en acter destinfe 3 la
construction off-shore. La quantité d'&lectricité mise en ceuvre au cours de
ta perturbation de potentfel domne un bilan globa), dans le sens anodique, de
0,2 & 0,4 coulomb par pulse suivant P'importance du dépdt calco-magndsien
présent au moment du pulse fvolr figure). I1 en résulte un bilan ancdigue
moyen de 3 & € coulombs par jour, qui est 3 comparer 3 Ta valeur de 1 coulomh
par jour, correspondant i 1a dissolution maturelle d'un acter ordinaire dans
Veau de mer. On retrouve blen ainsi I'accentuation de s vitesse de corrosion
ebservée aprés mesure de Ya perte de poids de 1'8chantillon.

CONCLUSEON

Les polarisations ancdiques effectubes sur un acler de construction en
mitiey marin ont provoqud® une accentyation fmportante de Ta corrssion du
matériau. Cependant les conditions de polarisation anodique Stafent sévéres.
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Efles avalent pour but d'eavisager 1a production au cours du pulse anodique
4'espices chimiques biocides, telles que chlore ou jons hypochlorites, qui
peuvent permettre e nettoyage des salissures marines dbpos@es sur les
stroctures off shore {3) {4}, Nous n'avons pas conduit cetie étude jusqu'i ce
niveau, par sutte du risque encore trop &levé de corroston,

les modifications appoitées ay cours de notre étude aux conditions de
polarisation, ont fait diminuer Ta vitesse de corrosfon d'ua facteur sitpérieyr
3 5. 11 est certainement possible d'aller encore plus lein dans ce domaine et
de trouver des conditions d'emplof ol ce procédé de nettoyage chimicélectrique
des structures off 'shor_e__ert_ acter pourrait &tre mis en geuvre.

Nous remercions la Soctetd ORCAL de V'aide fi'nanciére que'elle” nous a
apportée au cours de cette dtude, . )
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