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A B S T R A C T 

The effect of the marine splash-zone on corrosion rates of steels 
BS 4360 43A and SOD, Corten A and pure iron was assessed. Specimens 
were exposed at coastal and deep water sites as well as being subjected 
to splash-zone simulation in the laboratory. Gravimetric, microscopic 
and a variety of electrochemical techniques were used in the laboratory, 
to study the behaviour of exposed specimens. Corrosion rates were 
found to be higher for specimens exposed to initially wet conditions 
though high temperatures were found to correlate with high corrosion 
rates of thickly-scaled steels. Scales became compact and resistant 
to cathodic reduction as exposure times increased but corrosion rates 
tended to increase with exposure time. Polarization of scaled speci­
mens in synthetic sea water revealed increased cathodic depolarization, 
anodic polarization and decreased dependence on oxygen concentrations 
to result, as exposure times increased. At open circuit potentials 
neither the anodic nor the cathodic reactions appeared to be under 
activation control. 

Coastal and simulator corrosion rates for the various metals' increase 
in the order: · Pure iron Corten A SOD 43A. The morphology of 
corrosion products was found to be alloy dependent. Simulator produced 
scales were found to be fragile but electrochemical tests showed them 
to produce similar effects to those noted on coastally exposed specimens. 
~onitoring of the open circuit potential during intermittent immersion 
revealed the manner in which cathodic depolarization increased with 
immersion time. High silicon levels due to surface contamination 
resulted in uniformly low corrosion rates and high pitting rates for 
the specimens exposed at the open sea site, though corrosion products 
resembled those coastally formed. 

It is proposed that the cyclic splash-zone corrosion process involves 
scale reduction during wet periods at a rate dependent on the surface 
area of the porous corrosion product along with oxygen reduction during 
drying periods when moisture films cover specimens. Corrosion scales 
formed were found to be thicker than typical atmospherically formed 
corrosion product layers. This difference is believed to be a function 
of th~ high concentration of electrolyte-containing pores in the scales. 
The simulator was found to be a useful tool as it allowed the effects 
of variations in the cyclic wetting process to be related to the 
electrochemical nature of corroding surfaces. This allowed the major 
flaws in the polarization resistance and Tafel extrapolation techniques 
to be identified. · The simulator produced a condition less humid than 
the total immersion condition but more humid than the atmospheric 
condition, resulting in corrosion rates directly comparable with those 
experier.ced at the coastal splash-zone site. 
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1. Review of Published Work 

1.1 Introduction 

With the advent of the fixed oil production platform in deep 

waters, such as those of the open areas of the North Sea now being 

exploited for their petrochemical reserves, structures are being 

subjected to more ~esting conditions than those experienced during 
. . 1 l . (l) N t previous phases of the petrochemica exp oration programme • o 

only are structures subjected to higher wave loadings at deep water 

sites, they present greater maintenance problems caused by weather 

and sea state conditions rest~icting access, as well as greater 

corrosion problems due to higher rates of degradation of coating 
(2) . (3) 

systems and more severe corrosion of exposed steelwork • 

Experience gained in previous stages of the petrochemical 

exploration programme in other sea areas has revealed the splash­

zone, an area above the tidal level which is frequently wetted by 

surface wave action, to be the most severely affected region of 

Pi·1 d t l · ( 4 ) e see marine structures • 

The North Sea is the first truly open sea area in which petro­

chemical exploration, with a view to production, has been carried out, 

For this reason designs of suitable structures have had to be based 

on experience gained in less testing environments. Climatic hostilities 

experienced at other locations have resulted in changes in designs to 

suit specific conditions. An example of such a development is that 

of the single legged 1Monopod' platform, designed to withstand the 

considerable forces exerted on structures by the ice packs experienced 

in the Alaskan oil fields(l). 

Before the oil economy became the dominant feature it is today, 

structures were built in waters for other reasons, making use of the 

technology of the age. The Ed~ystone Lighthouse made use of granite 

reinforced with steel in a seventeenth-century attempt to withstand 

the forces of the sea(S), while in Neolithic times piled wooden 

structures were produced in flooded fen-land, in an attempt to make 

the areas more habitable( 6 ), In the early days of offshore oil 

exploration piled wooden structures were still being used in the 

waters off the U.S.A. (?). 

Hurricane activity in the Gulf of Mexico has played a large 

part in the development of the steel jacket platforms widely used in 



the North Sea(l). For the more aggessive northern sector of the 

North Sea concrete 'gravity' platforms, which simply res~ on the sea 
(8) 

bed, have been developed • At the present time there appears to 

be a move away from the fixed production platform, to the floating 

unit of the semi-submersible type(g). With these rigs the actual 

platform is supported above the water level by vertical, large 

diameter legs which are mounted on pontoons or hulls. When operating, 

these units are ballasted such that the pontoons are well below 

f · d d f effects(lO) •. sur ace waters in or er to re uce sur ace wave 

Attempts to assess the aggressive nature of the North Sea 
(11) 

are at present in progress Wave heights, which affect the 

range and possibly the corrosivity of the splash-zone,have been 

noted to reach the order of 10 m in the southern sector of the North 

Sea and 30 m in the northern sector( 4). Though wave heights can be 

expected to have a different effect on fixed and floating structures, 

the minimal heave experienced by semi-submersible platforms, even in 

high seas, suggests that the splash-zone relating to such structures 
(12) differs little from those formed on fixed structures. Munger 

regards, for the purpose of selection of paint systems, both fixed 

structures and deep-sea-going ship splash-zones as essentially the 

same, save for the added effect of relative motion in the latter 

case. 

Tidal currents ranging from 5 knots (8 km hr-1 ) in the southern 

North Sea to 8 knots (13 km hr-1 ) in the northern sector are 

typical(l
3
), as are tidal ranges of the order of 3 m(l). This tidal 

variation is substantially smaller than the 30 m wave heights noted 

above. A further physical characteristic of the marine environment 

is the sea-water temperature, which seasonally ~aries between s0 c 
and 15°C in the North Sea(l3 ). It is not at present possible to 

define the marine corrosion behaviour of steels(l4 ), or the degrada­

tion of paint systems(l2 ) in terms of the physical sea-water character­

istics outlined above, though they appear to be dependent on these 

physical variables. 

Though sea water is the corrosive medium involved in various 

marine forms of corrosion, it does not appear to be the chemical 

? 



composition that principally defines the variations in corrosion 

rates experienced at various marine locations, as there are few 

chemical differences ~ in fact remarkable ionic equilibria between 
· (lS)hl 'd the non-coastal sea waters 1.s found thro_ughout the , world. e or 1. e, 

sulphate and carbonate anions, along with sodium, calcium and 

manganese cations, are the major ionic species in solution. Traces 

of the order of microgrammes per litre 

copper, nickel and iron are present in 

value of between 8.0 and 8.3 is widely 

of magnesium, zinc, cadmium, 

the North Sea(l5 ). A pH 
(17) 

accepted for surface waters • 

The consist ,- ncy of the sea-water pH is due to the carbonate/carbon 

dioxide equilibrium buffer effect created by interaction of surface 
waters and air(ls). 

The majority of corrosion data relating to steels in sea water 

have been produced at coastal sites. These results can only give an 

indication of the attack to be expected at deep ocean sites, as even 

results from similar coastal sites are not always directly comparable( 4). 

Variations in such data are due to different physical and chemical 

environmerits, variations in surface finishes of steels, exposure 

conditions and exposure periods. All these factors serve to complicate 

attempts to produce meaningful analyses of results(l8 ). Data from 

such tests carried out on piles driven into the sea bed indicate 

high corrosion rates in the region directly above high tide level. 

The term 'splash-zone corrosion' has been used to describe this 

type of attack(l
4
). Table 1.1 shows corrosion rate data obtained 

from various deep-water test sites. From this it appears that the 

corrosion rates at different locations differ from one another, 

and that the 'splash-zone corrosion' effect is experienced at deep­

water sites(
4
). Though no appropriate published data relating to 

corrosion in the North Sea has been produced, workers involved in the 

North Sea based industry report that, as expected, the splash-zone of 
. (13) 

deep-water steel structures sufferssevere degradation • 



Table 1.1 ( 4 ) 

Location Corrosion Rate . (mrn.yr-1) 

Boston U.S.A. 0.05 

Pearl Harbour 0.10 

Key West, Florida 0.25 

Gulf of Mexico 1.38 

South California Coast 0.75 

Though undesirable, uniformly high corrosion rates do not 

r·esult in immediate threats to safety, as designers ensure that 

substantial thinning of structural sections is required prior 

to failure. As Marshall points out(l9), severe corrosion in the 

splash-zone can result in conditions under which fatigue cracks 

can initiate, leading to rapid failure without obvious warning. 

There are two approaches to solving the problems of high 

marine corrosion rates. These are the use of corrosion resistant 

alloys and the protection of less-resistant alloys. The structural 

steels used for ship's hull-plate and,L'or platform fabrication fall 

into the 'less-resistant' category, requiring protection when 

exposed to sea water(l4 )_ Corrosion resistant alloys for the 

purpose of marine exposure, include the range of cupr_onickel alloys. 

Certain high copper cupronickels possess good structural properties 

and can be welded( 2o). Under flowing sea water conditions mean 

corrosion rates of the order of 0.3 mm yr-1 , and minimal pitting 

can be expected. In the higher nickel range Monel 400* (70% Ni) 

is particularly resistant to splash-zone attack and suffers 

minimal pitting( 2l). Mechanical properties of this alloy are 

d • . . d (22) reporte to be similar to those of mil steels • 

The most suitable steel for exposure to the marine . splash-zone 
** . . appears to be the stainless alloy 304 , containing 8% nickel and 

* INC0 Trade name 
** AISI -Designation 
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18% chromium, resulting in an austenitic structure under equilibrium 

conditions. Crevice attack, to which ;tainless steels are often 

susceptible, has not been noted after extended exposure to the 

marine splash-zone. In this area the steel behayes in a similar 
. (23) 
manner to the Monel 400 alloy • 

Three principal criteria for the choice of offshore 
. . . . d ( 24) fabrication materials are safety, availability an economy • As 

few results are available on the performance of various alloys in 

the North Sea, the policy adopted by the major iridustrial concerns 

has been a conservative one of selecting alloys which have performed 

satisfactorily at other marine sites, whilst fabricating structures 

from excessive alloy thicknesses in order to provide generous corro­

sion allowances(
25

)_ In general, high-strength alloys are more 

susceptible to welding problems caused by their high carbon equiva­

lents ( 
26

). For this reason a medium strength s.teel has found wide­

spread application throughout the North Sea petrochemical industry. 

This alloy, BS 4360 grade 50D~Ho':, has a yield strength of 331 N mm-2, 

is readily weldable and has a high resistance to both brittle fracture 

and fatigue<
24

). As knowledge of the North Sea increases, higher 

stren&th steels, such as low-alloy quenched and tempered steels and 

acicular ferritic steels containing molybdenum and niobium may become 

accepted for offshore fabrication. The suitability of such steels 

for use in this field is at present under investigation< 24 ). As 

certain low-alloy steels have been shown to be more resistant to 
. (14) splash-zone corrosion than mild steels , it is the effect of 

alloying elements in low-alloy steels on splash-zone corrosion 

behaviour with which this work is concerned. 

From an industrial viewpoint,. low-alloy steels exposed to 
th . . . , . ( 22) d . d. e marine environment require both protection an perio ic 
• . (27) . 
inspection A lac~ of proven inspection techniques makes 

'protected for life' structures highly desirable< 25 )_ In the 

splash-zone only metallic sheathing has been found to be capable of 
'd. . . ( 22) . ( h . provi ing such protection • Use of organic coatings t e maJor 

alternative form of protection above the tidal level) is limited by 

the restricted life of such systems. Development programmes aimed 

at extending coating life are at present under way( 2B) 

BS Designation. 
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1.2 Corrosion of Steels 

1.2.l Short Term Exposure 

Marine corrosion is a particular form of aqueous corrosion in 

which the electrolyte has a pH of the order of 8.2(l7), a variable 

but usually high concentration of dissolved air and hence a high 
-1 

concentration of dissolved oxygen ·(of the order of 7.0-7.5 mgl at 

5°C in surface waters)( 29 ). Salinity, a measure of the total solid 
-1(15) 

content of a solution is typically of the order of 30-35 g Kg • 

In enclosed sea areas the salinity can be raised due to evaporation, 

while areas of sea adjacent to estuaries can display low values of 

salinity due to the mixing with fresh water. The chlorinity of a 

water is a measure of the total halide content and is closely related 

to salinity (chlorinity = salinity/1..807). This near constant 

relationship allows either chlorinity or salinity to be used as a 

guide to the chemical make-up of the water, which can change with the 

seasons. Sea water conductivities are also a guide to the ionic 

state of the electrolyte and are typically of the order of 0.052 mho. 

The high halide content of sea water is important in defining its 

effect on steels, as the chloride ion not only has an effect on 

conductivity, it also has the ability to destroy passive steel 
surfaces(l?)_ 

A further aspect of the marine environment influencing the 

marine corrosion of steels is its biological content. This variable 

is a function of the particular marine location with different forins 

of marine life flourishing in different sea areas. Seasonal 
. t. . "f ( 30) varia ions also have an affect on the prevailing forms of marine 11 e • 

During· the initial exposure of steels to a marine environment 

various oxides of the base alloy form( 3l). The principal cathodic 

reaction supporting the cor~osion of clean steel surfaces, specifically 

steels exposed in surface waters, is that involving the reduction of 
Oxyg ( l 7 ) I . . . . . . k . l 

en n time it is possible that reactions ta 1ng pace on 

specimen surfaces may change due to build-up of corrosion products 
and marine foulants( 3o). 

6 



While the corrosion rate of carbon steel :has been shown to 

increase steadily with temperature in deaerated sea water, the effect 

of temperature in aerated waters is less pronounced. This effect 

is due to reduced oxygen concentrations at higher· temperatures, which 

counteract the thermally increased kinetics produced on non-passivating 
(17) . 

alloys such as low-alloy steels • Temperature changes have a 

secondary effect on corrosion rates due to their influence on the 
. . (32) 

nature and effect of fouling , with anaerobic foulants not flourish-

ing in aerated waters. Irregular fouling of metal surfaces can lead 

to concentration cells being set up between fouled and clean areas 

of a surface. Empirical relationships between oxygen concentration, 

temperature and corrosion rates have been produced for a number of 

St 1 . 'f' . · . ( 33 ) I b f 't t' ee sin speci ic marine environments • n a num er o si ua ions 

the stability of corrosion products (also a function of temperature). 

has been suggested as a rate controlling parameter( 34 )_ When the 

diffusion of corrosion products away from a corroding surface is 

rate-determining, not only does temperature affect the rate of 

diffusion, it also brings about changes in the solubility of the 

corrosion product. The limiting current situation is produced when 

the corrosion product at the specimen surface is sufficiently concen­

trated as to precipitate out of solution( 35 ). 

Motion of electrolytes affects the corrosion processes by 

changing the mass transport properties of the corrosion system. 

Increased motion can result in an increase in the rate of transport 

of reactive species to a corroding surface, or the rate of removal 

of corrosion products which may otherwise reduce corrosion by 
d · (31) re ucing the area of exposed metal • 

Physical degradation in the form of .erosion or cavitation can 

occur when extremely high relative velocities are set up between a 

metal and its environment. This type of damage is common in pumps 

and pipework systems. Other than in highly turbulent regions, such 

as around a ship's rudder,these modes of degradation are not commonly 

encountered in open sea systems( 35 )_ 

A further effect of motion of sea water around corroding steel 

structures is that of influencing the formation of layers of marine 

foulants; the nature and location of which can change the corrosion 

characteristics of a system by producing alternative cathodic 

7 



. (30) 
reactions , or 

' . ( 37) 
by creating local concentration cells. • Both 

Rowlands( 29 ) and Moss( 37 ) consider marine fouling to be capable of 

influencing corrosion of structures subject to sea water velocities 
-1 of up to 2 m sec • 

The dissolved oxygen content of sea waters in equilibrium with 

the atmosphere is temperature dependent( 29 ), with biological effects 

playing a significant role in surface water concentrations. 

Photosynthesis leads to an increase in oxygen concentration while 
. d . . . . . f 1 1 (l 7) organic ecomposition results in a lowering o oxygen eves • 

Oxygen levels cannot be considered in isolation, as both in the air 

and in connection with photosynthesis carbon dioxide levels are 

closely linked. 

On 'clean' (i.e.,free from thick corrosion deposits) steel 

surfaces in aerated sea waters, oxygen reduction and to a lesser 

extent hydrogen evolution are the ~eactions causing the cathodic 

depolarization supporting the corrosion reaction. Transport of 

oxygen to the steel surface appears to be the more significant factor 
• . ,r--i 
in controlling the rate of reduction than the activation controlled 

k . · (30) 
electron transfer In the case of steel in sea water, corrosion 

products will tend to precipitate onto metals, forming barriers to 

the diffusion of oxyg~n. The proposed electrochemical reaction, 

that of oxygen reduction, is represented by the equ~tion:-

02 + 2H20 + 4 e- -> 40H-

With diffusion of oxygen from the bulk electrolyte to the 

surface supporting corrosion being limited to a rate dependant 

on the maximum possible current iL = nFCDA/d in line with the 

concentration over potential ri c = (RT/nF)log(i1,-i)/i1 where 

n = number of electrons transferred • 
• F = Faradays constant 

C = Oxygen concentration 

D = Diffusion coefficient 

A = Exposed area of surface 

d = Boundary layer thickness 

R = Boltzmann~constant 

T = Absolute temperature 

i = Actual cathodic current <. iL in appropriate units. 
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The diffusion layer thickness is a function of the motion between 

the · . h . d . t . ( 31 ) electrode and the electrolyte, decreasing wit increase agita ion 

Takehera( 39 ) has shown that, under suitably thin films of 

electrolyte, oxygen diffusion ceases to be the rate-controlling process 

though Fishman( 4
0) considers the effect of moisture film thickness 

on the transport of oxygen to fresh steel surfaces to be the controlling 

factor in the static case of wetted, clean steel surfaces. 

As well as defining the rate of the cathodic reaction, the 

oxygen content of the electrolyte adjacent to corroding steel also 

defines the corrosion products produced by the anodic reaction. 

Though there appear to be no well defined oxygen level to corrosion 

product relationships, a range of oxides from 2fFeOOH produced in 

air saturated solutions, to Fe3o4 produced in poorly aerated 

solution appear to be formed. In general the more protective 

corrosion products contain oxygen rich outer oxides covering oxygen 

depleted inner oxides( 4l). Less protection is provided by mixed 

layers of oxides. 

1.2.2 Atmospheric Corrosion 

In the marine atmosphere corrosion of steels takes place in 

accordance with the principles of aqueous corrosion outlined 
earl. d . 1 h d. . f ( 42) th ier an invo vest e catho ic reduction o oxygen as e 

initial cathodic reaction. In dry air and at high temperatures 

direct oxidation mechanisms are often involved. Initially moist 

atmospheric corrosion involves - the reprecipitation of corrosion 

products on active· metal surface sites, resulting in the formation 

of corrosion pustules. Diffusion of oxygen to active steel surfaces 

through such microdroplets of electrolyte and corrosion products 

produces a skin which is thought to be a semi-permeable membrane of 
t 

precipitate and colloid of both ferrous and ferric hydrated oxides. 

This skin retains the corrosion product and electrolyte mixture. 

Being anodic, sites of pustules promote the diffusion of certain 

anions through their enveloping membrane. Such transport from 

without the pustule, results in high anion concentrations, leading 

to membrane fracture under the ensuing osmotic pressure. In 

this way corrosion products spread, causing the area of ·active sites 

to . ( 43 ) h · · · · d ' F . 1 1 increase • Te process is diagramatically outline in ig. • • 

9 __ 



(a) 

Electrolyte saturated 
w U,h··ts;orro s ian-.,prod uc t s 

t:. ~ --- _ ,,..,., 
~ ~ r _..,_. • 

~ ~-:-1..---· . ? --t,--••' L . .--·· 

(c) 

Oxygen permeation creates 
semi-permeable membrane 

( e) 

Concentration gradient 
creates osmotic pressure 

. tension membrane and leads 

. rupture . ·, . 
·~ 

• £ ,. I 

to 

(b) 
Precipitation of corrosion 
products at anodic sites 

(d) 
Anions permeate to anodic 
sites creating concentratio 
gradient 

Fig. 1 Stages in the formation of corrosion pustules 

To the model of J.B. Johnson, et al, Corrosion Science 17 (1977), 
691. 

'--------------------------- -------··---
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Studies of- the atmospheric corrosion of low-alloy steels have 

advanced less in the field of marine than in the field of industrial 
. ( 44) d • environments , where sulphur compounds appear to be the pre ominant 

aggressive species. At marine sites the effect of atmospheric 
. (42) 

chloride concentrations must also be considered • For metals 

exposed to marine atmospheres, Southwell and Bultman have found 

corrosion rates to be higher at locations closer to the coast. This 
(30) 

effect was shown to vary in severity, from alloy to alloy • Copson 

suggests that the soluble nature of chloride-bearing corrosion 

products formed in the marine atmosphere is partially responsible 

for the severity of the corrosion experienced by low-alloy steels 

at marine sites< 42 ). 

At industrial and rural sites, where atmospherically exposed _ 

specimens are cycled through wet and dry periods due to changes in 

climatic conditions, much emphasis has been placed on the parameter 

termed 'time of wetness'. This parameter would not appear to be 

a measureable function of a corroded steel surface( 45 ) since .the 

complex temperature dependant processes involved in the drying of 

bulky corrosion products appear· to be a major complication involved 

in attempts .to measure the parameter( 4G). 

The effect of moisture on a corroding steel surface can be 

gauged from the changes in corrosion rates with relative humidit/ 47 ). 

For surfaces covered with corrosion products, three critical relative 
humidi·t· h b .d .f. d d . . . . (48,49) ies ave een i enti ie uring corrosion testing • 

Each critical value relates to a signfficant increase in the rate of 

corrosion. Attempts have been made to extend the theory of critical 

relative humidity in the field of marine corrosion by the measurement 

of corrosion rates of steels on the presence of sea salts, under 

laboratory controlled conditions(SO) • . The primary critical relative 

humidity is that below which minimal corrosion rates are experienced. 

Only corroded surfaces exhibit secondary and ternary critical values, 

due to capillary con~ensation of electrolytes within the porous 

corrosion products covering metal surfaces and due to chemical 

condensation caused by the presence of hygroscopic materials in the 
corrosion products ( 4G). 

In marine environments critical relative humidities as low as 



35% have been recorded for steels. This suggests that the corrosion 

products formed under such conditions are highly porous (the value 

being due to capillary condensation) or contain suitable hygroscopic 

· ( · d . ) ( 51 ) . Th h material the value being due to chemical con ensation oug 

these low critical relative humidities do not appear to apply to 

steels exposed to the atmosphere at non-marine sites, it is at the 
. (52) 

industrial locations that the higher corrosion rates are experienced • 

In some marine atmospheres steels are subjected to direct 

wetting by sea-spray(l7)_ This suggests that under suitable conditions 

the time of wetness of a steel surface could approach 100%. 

Other than the moisture content of an atmosphere, its chemical . 

nature has been identified as significant in characterising corrosion 

behaviour<
43

,
4

G). Also of significance are the solid airborne 

particles which may either act as nuclei for condensation of water 

and acid-forming gases such as sulphur dioxide( 4G), or mask areas 

to create concentration cells( 53 )_ It is suggested that actual 

deposition of soot is not required for its aggressive nature to be 

effective, as smoke in aer'cisol form is sufficient to cause condensa­

tion of acid-forming gases( 43 ). Atmospheric contaminants have been 

found throughout the depth of corrosion deposits formed on atmospheri­

cally corroded steels( 54 , 55 ). The concentration of so4-- in the 

corrosion products formed on steels exposed to industrial environments 

has been shown to decrease with distance into the corrosion product, 

indicating a degree of permeation of sulphur into the oxide, from 

the atmosphere. · Actual concentrations in corrosion deposits appear 
t · . (42) o increase with time of exposure • 

A number of site tests, particularly . those performed at industrial 

locations, have revealed the atmospheric corrosion· characteristics of 

low-alloy steels to be sensitive to variations in the compositions 

of such alloys< 42 , 54 , 4s,57 )_ Variations in corrosion rates of 

weathering steels have been noted to be less sensitive to meteorolog-
. 1 d. . . . 1 ( 42) ica con itions than the corrosion rates of less resistant stee s • 

In particular, the summertime spalling experienced by the corrosion 

resistant 'Carten' alloy occurs substantially later than that 
e • d b . . · t 58) xperience y less resistant mild steels • 
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The most extensively _studied alloying addition, . found .to be 

capable of reducing corrosion rates of low-alloy steels, is copper. 

Additions of this element appear to produce beneficial effects on 

t 1 . . . h (56,58,59) Th d t sees exposed in industrial atmosp eres • ea van ages 

of a copper-bearing steel would appear to be a function of the 

atmosphere to which it is exposed, as tests at tropical marine sites 

have shown copper-bearing steels to corrode as rapidly as mild steels. 

This suggests that the beneficial effect of copper may be associated 
'th . d . (60) wi in ustrial pollutants, such as sulphur • 

1.2.3 Effects of Exposure Time on Marine Corrosion Rates of Steels 

After an initial period of exposure of steels to the marine 
• . (42) (18) . . environment, either above or below mean tide level, corrosion 

rates are reduced due to the surface blocking effect of corrosion 

products. The nature of these products appears to be dependant on 

that of the parent alloy( 5G, 59 ) and upon the characteristics of the 

local environment, which is governed by specimen location( 42 ). 

In general, below the tidal level, localized corrosion product 

precipitation occurs, blocking local areas and reducing the rate of 

diffusion of oxygen to steel substrate~49 , 61 ). In time steel 

surfaces become covered with corro~ion products. These deposits 

increase in thickness qS exposure times are increased. Site tests 

carried out below the tidal range are hampered by the growth of 

corrosion rate determining marine organisms on test surfaces. These 

can lead to near-identical corrosion rates being experienced by a 

variety of steels(62 ). Laboratory testing of steels .in synthetic, 

aerated sea waters, with no biological content, has revealed oxygen 

reduction to be the predominant cathodic reaction after four months 

of exposure(
3
l)_ In both site and laboratory tests,O(FeOOH and 

Fe304 have been found to be the main constituents of deposits formed 

on non-stainless steels( 3l, 62 ). An important case of surface 

scale formation in marine environments is that produced on cathodically 

protected structures. Local high pH regions produced at such surfaces, 

due to the build-up of OH- during th~ cathodic reduction of oxygen, 

allow stable protective coverings to restrict the diffusion of 

oxygen to c0rroding surfaces(l7 )_ 
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The effects of corrosion products on aqueous corrosion of 

non-stainless steels has been most thoroughly studied in the area 

of humid atmospheric corrosion. It is in this area too that 

developments relating to the corrosion resistance of low-alloy 

steels have been most successfully pursued. The three primary oxides 

of iron which appear to be predominant on the surfaces 

undergoing atmospheric corrosion areo.FeOOH, lCFeOOH and 

of steels 

F O (43,53, 
e3 4 

54,55,63,64,65) 
The physical nature of corrosion products and their 

distribution over alloy surfaces have been highlighted as major 

factors in determining the protection offered by corrosion product 
(42,59 63 64) . . (63 64) layers ' ' • 1\morphous oxides of iron ' and sulphate 

1 (42) . f · comp exes have been proposed as constituentso corrosion 

products relevant to the atmospheric corrosion of steels. Short 

term corrosion tests have revealed significant quantities of 

treOOH.H20 to be produced, particularly on the underside of specimens. 

Such areas are not washed during periods of rain, the moisture 

present being due to condensation from the atmosphere( 43 >. A 

substantial quantity of simplex spinel oxide of iron has been found 

on specimens after exposure for one year in an inland, industrial 
atmosphere( 66 >. 

There is widespread agreement that the atmospheric corrosion 

of mild and low-alloy steels involves the oxidation of iron .tolFeOOH. 

This oxide reacts further with the environment to produceo(FeOOH( 54 ,53 , 
"64,65) 

The reaction is thought to progress by dissolution of Fe2+ 

followed by hydrolysis to FeoH+ and oxidation to J'FeOOH, in a neutral 

or slightly acidic local environment. This oxide undergoes dissolution 

under local acidic conditions and reprecipitation to form an amorphous ferric 

oxyhydroxide, which may undergo a solid state transformation to,{Fe00~( 53 ). 

As the proposed transformation oftreOOH to the amorphous oxyhydroxide 

is dependant on the formation of a locally acidic environment, the 

degree to which the reaction progresses, and hence the ratio oft°FeOOH 

to c(reOOH can be expected to be a function of environmental conditions. 

Suzuki's work on steels exposed to industrial atmospheres relates 

acidic conditions, brought about by high sulphur levels, to high 

levels of I FeOOH in the corrosion products formei 66 ). In tests on 

laboratory formed corrosion products resembling natural corrosion 

products, Sakashita(5?) has revealed a 'potential of zero charge' 

14 



(i.e., an electrode to electrolyte potential at which .the excess 

charge is zero, causing preferred selection of neither cations or 

anions), in the, pH range 8.3 to 9.3. The work was performed in 

chloride solutions and without_ external polarization. In more acidic 

solutions the oxide membrane~ have been shown to be anion selective, 

becoming cation selective at high pH levels • . Anion selective 

membranes of the oxide have been noted to form locally acidic 

electrolytes under the_ influence of anodic corrosion currents, 

resulting in the production of compounds of the · form FeCln • - Fyfe 

noted t _hat for steels corroding in high sulphate containing atmos­

pheres, acidic conditions tend. to _reduce the extent to _which H2S 

ionises and hence reduce the concentration of S-- ions in the steel 

surface electrolyte( 46 ). The oxidation process outlined above, 

resulting in the production oflFeOOH, does not account for the 

quantities of Fe3O4 earlier noted as being present in atmospherically 

formed corrosion products · of low-alloy steels. 

(64) - - (65) · - , . 
Okada . and Takamura both suggest reduction of FeOOH to 

Fe304, rather than reactions · involving minor species, such as the 

reduction of SO2 to~--. Ross suggests the sulphite reduction 

reaction as the primary cathodic reduction reaction noted after 

long periods of exposure to the indust_rial atmospher/ 55 ). The 

change from oxygen reduction to FeOOH reduction . during long term 

exposure tests is thought by Okada to be brought about by a decrease 

in the permeability of protective corrosion products to the passage 

of water and oxygen( 64 ). The reduction appears to take place only 

under wet conditions, possibly due to the lowering of oxygen activities, 

with the Fe3O4 undergoing further 'reduction during dry periods. This 

is indicated in Okada's work in which he is unable to locate the 
' ' 

presence of Fe3o4 in co:rTosion products formed on low-alloy steels 

during five years exposure to the atmosphere, though the less protec­

tive oxides produced on similarly treated mild steels were found to 
· · (64) . . (64 65) contain substantial quantities of re3o4 • Both Okada and Misawa , 

find corrosion products to be ~racked and non-protective after long 

periods of exposure of mild steels . to the atmosphere. It would seem 

that these microscopic deformati~ns in corrosion deposits lead to 

the lack of protection and production of high oxide levels deep 

within layers of corrosion products. -· 

---- 1~ ...._)_ 



(65) . . (53) 
The results due to Takamura and Shylaf1rner would 

appear to contradict Okada's theory as they find the atmospheric 

production of a compact layer of Fe3o4 to correlate with substantial 

improvements in corrosion resistance. Work on oxides produced in 

the laboratory, so as to resemble those formed on steels under 

h . . . b . . d b I ( 59 ) H f d atmosp er1c conditions has een carr1e out y nouye • e oun 

the more protective forms of oxide to be composed ofg°FeOOH and 

Fe304, while less protective oxides were found to containq'FeOOH. 

This suggeststhat the acidic conditions noted earlier to be required 

for the formation ofo(reOOH from2{Fe00H do not exist on the surfaces 

of the more corrosion-resistant steels. The work reviewed here 

suggests that there is no unique cathodic mechanism for the corrosion 

of steels and that there are a number of mechanisms by which .corro­

sion rates are reduced to acceptable levels, with factors such as 

the chemical composition of the atmosphere together with its relative 

humidity determining the nature of the protection offered by corro­

sion products. The effect of sulphates, chloride and similar ions 

contained in the atmosphere, which have been located in corrosion 

products) their concentration increasing with time and with depth 

below air/oxide interfacesf 42 ), will be discussed later. Sucl\ 

effects appear to be related to those of alloying additions to 

steels. 

(65) 
Takamura considers both oxygen reduction and transformation 

of tFeOOH to Fe304 to take place during corrosion of steels in the 

humid splash-zone of his Japanese harbour test site. This finding 

suggests that there is a degree of similarity between the corrosion 

processes operative in the marine splash-zone and the atmosphere and 

hence that the work on atmospheric corrosion reviewed here may be of 

great relevance to corrosion in the marine splash-zone. 

Whilst not going into detail regarding the hypothetical reactions 

Fyfe considers two mechanisms by which corrosion products may form in 

~he atmosphere( 5s>. Th f" · h f t" f l t l ~ e 1rst is t e orma ion o comp e e ayers 

of fresh oxide on top of existing layers, possibly by the diffusion 
. ' . 

of colloidal Fe(OH)3 through wetted pores in the existing structure 

(Inouye( 59 ) suggests that the colloidal composition is Fe(OH)2). 

Fyfe's second proposed mechanism involves the production of fresh 
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oxide within existing porous deposits, which he quotes Horton as 

suggesting occurs during the drying out of corrosion products, 

assuming atmospheric corrosion to be a function of the periodic 

wetting and drying experienced by atmospherically exposed steels. 

It is suggested that this precipitation commences in the pores of 

the corrosion layers and moves inward towards the metal substrate 

d . dr . (58) uring ying • 

Inouye( 59 ) has investigated changes in sedimentation volumes 

of laboratory-produced oxides of iron. Sedimentation volumes are 

a measure ·of a material's secondary structure of porosity, with low 

values indicating compact structures. Measurements of corrosion 

product permeabilities and protectivities have ·also been made. These 

indicate that the more crystalline oxide structures result in the 
. · (68) (64) 

more protective corrosion. products. Both Wranglen and Okada 

suggest that it is the compact inner oxide layers that give particu-

lar forms of corrosion products their resistant character. Takamura( 6S) 

associates fine crystalline Fe
3
o

4 
with the corrosion resistant 

qualities of deposits formed in marine environments,while Suzuki's 

work shows porous oxide layers to be more protective,further compli­

cating attempts to. relate the physical structure of such membranes 

to their ability to protect parent steels( 66 ). · 

Both Sakashita( 67 ) and Suzuki(GG) have related corrosion rates 

to the ion selectivity of associated corrosion products. Ion select­

ivity has been shown to be a characteristic related to the minor 

elements present in the oxides, either due to alloying of the base 

steels or to contaminants p~esent in the corrosive environments. A 

general conclusion reached ·by both workers is that electrolytes 

contained within pores are of the order of an hundred fold the 

concentrations of those in the bulk electrolyte. The effect of ion 

selectivity on corrosion rates will be considered more fully in 

section 1.2.5, since they relate particularly to the effects of 

alloying. 

When considering th~ effects of corrosion products on structures 

of steel corrosion .rates, both the macrostructure and microstructure 

must be considered. Suzuki's finding relating to the effects of 

microstructure on corrosion rates can only be expected to apply when 
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corrosion products are microscopically consolidated. Okada and 

Misawa have produced visual evidence relating the high corrosion 

rates experienced by mild steels to cracking of the scales protecting 

their surfaces. The phenomenon of1' Sunnnertime spalling' of corrosion 

products leading to increased corrosion rates is further evidence of 

the effect of microscopic deformations( 59 ). It seems reasonable to 

suggest that the macro and microstructural effects are linked, with 

defects in microstructure leading to high corrosion rates, which in 

turn produce stresses in corrosion products, scale undercutting 

and similar effects leading to macroscopic deformations and subse­

quently higher rates of corrosion. Such .interdependence could be 

used to explain the apparent success of work undertaken at both 

macrostructural( 54 ) and microstructural levels( 55 ). 

1.2.4 Effects of Marine Fouling on the Corrosion of Steels 

The ·term fouling covers the effects of micro-organisms, such 

as sulphate reducing bacteria( 30) and macro-organisms, such as 

barnacles(l?). Micro-organisms promote corrosion in the following 
ways(?O) :-

(i) By direct chemical action of metabolic products, such as 

sulphuric acid, inorganic or organic sulphides and organic 

acids. 

(ii) By cathodic depolarization associated with anaerobic 

growth. 

(iii) By changes in oxygen potential, salt concentration, pH, etc., 

producing local electrochemical cells. 

In many cases where biological activity is high, corrosion rates in 

sea water have been found to be controlled by such activity, with 

the composition of a low-alloy steel having little effect on its 

corrosion rate. LaQue suggests that fouling is the cause of this 

uniform behaviour; foulants acting as a barrier to the diffusion 

of oxygen to metal surfaces ( 72 }: sZ>uthwell has found high sulphate 

levels in corrosion products formed under marine fouling. From this 

he concludes that not only is the oxygen reduction reaction controlled 

at a very low level by the fouling, but the anaerobic conditions 

thus produced allow the sulphate reducing bacteria to function. The 

me abolism of this organism provides a cathodic process independent 



f . 11 . . ( 30) o a oy composition • The main effect of macro-o~ganisms on 

corrosion of steels is associated with the local concentration cells 
(17) 

set up by local depletion of oxygen In flowing sea waters 

fouling may induce or reduce the effects of erosion, by abrading the 
(7l) b f . . . t d . 1 (?2) Th metal . or y arming a compact impac -re ucing ayer • ere 

appears to be some doubt as to the susceptibility of the marine 

splash-zone to fouling. Coburn's review reports no fouling above 

tidal level( 4 ), while Romanoff makes clear reference to the 

occurrence of splash-zone fouling of structures in coastal waters of 

the pacific ocean( 73 ). 

1.2.5 Effect of Alloying on the Corrosion Behaviour of Low-Alloy Steels 

The initial development of low alloy steels would appear to 

have been initiated in an attempt to improve the structural qualities 

of the range of steels available. Only after successful corrosion 

tests had been carried out on such steels does the idea of alloying 

t . . . "d d(74) o improve corrosion resistance appear to have _been consi ere • 

Corrosion properties appear to have been only a secondary considera­

tion in the development of the range of steels. A number of attempts 

have now been made to relate alloy composition to corrosion rate by 

th f . . . 1 h . . ( 18 , 6 5 , 7 5 ) . th L lt ' ~ use o various statistica tee niques · , wi egau s 

attempt being the most intensive, since it takes into account possible 

interactions of alloying additions(?S). In this work rejection 

criteria for the results of the regression analysis are specified. 

Schultze's attempt to analyse data from different sources does not 

take account of the interactions between alloy additions(lB). Ingenious 

though it is, the attempt does not reveal any conclusive results on 

the effect of alloying additions ~n the corrosion of low-alloy steels. 

Such statistical techniques cannot be expected to provide reliable 

information, since small changes in either alloy composition or 

environment have been shown to lead to large changes in corrosion 

rates(G
4
). Nevertheless there is general agreement that various 

low-alloy steels exhibit lower long-term atmospheric corrosion rates 

than do mild steels( 53 ,64 ,GS,GO). The possible advantages of such 

steels in the marine splash-zone, or under tidal sea-water immersion 

conditions has not been so thoroughly investigated. Tamada claims 

to have developed a low-alloy steel suitable for ·use in the submerged 



zone of the marine enviornment(l4 ), but as the alloy contains 3% 

chromium and a substantial amount of aluminium its classification 

as a low-alloy steel may be questioned. Tests on this Cr-Al low­

alloy steel took place over a five year period in Tokyo Bay. It 

is possible that the advantages reported would be less pronounced 

in a more aggressive area, or in one in which marine foulants 

flourished. Similar work by Hudson anq Stanners also identified 

3% chromium as being capable of halving corrosion rates of low-alloy 
(57) 

steels under immersion conditions in British coastal waters • 

Takamura's splash-zone simulation work revealed a 2% chromium-1% 

aluminium to exhibit significantly better corrosion resistance 

under · the most humid conditions employed in the work (i.e., rotation 

at 20 revs. per hour) than any of the other low-alloy steels used 

in his test programme. Under such humid conditions the use of 

chromium without the additional aluminium resulted in higher rates 

of corrosion. 

The 'sunnnertimespalling' effect noted eariier has been 
. t' d b F f ( 58 ) . ' b • 1 inves igate y ye , in relation to copper- earing stee s. 

His work shows that copper is capable of delaying the onset of such 

macroscopic scale breakdown in low alloy steels. This would 

t . d' . k d ( 54 ) d M' (53 ) h t h appear o in icate, as suggested by O a a . an isawa , ta sue 

alloys produce corrosion products with more resistance to large­

scale breakage. By identifying- the particular characteristic of 

the summer period responsible for the spalling, the effect of copper 

could be more clearly understood. 

Attempts have been made to assess the effects of alloy 

additions to low~alloy steels on the physical and chemical nature 

of the steels and their corrosion p·roducts, · as well as more direct 
. (42 53 54 55 58 59) (65) measurement of corrosion rates ' ' ' ' ' • Takamura 

took the work a stage further by attempting to assess the effect of 

copper and chromates in corrosive environments, in an attempt to 

relate them to the ·effects of copper and chromium additions to the 

steels under test. No direct correlation was observed. 

Tomashov suggests that ~nodic protection of copper-bearing 

low-alloy steels, induced by dissolution and reprecipitation in 

oxide form , of copper is responsible for their atmospheric corrosion 

resistance(49 ). This theory assumes that- conditions under which 

the alloys may maintain coverage passivity prevail. Such conditions 
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cannot be expected to exist at marine sites where chloride levels 

are high. Noble metals other than copper are thought by Tomashov 

to produce similar effects in aerated waters as well as under 

atmospheric conditions. Wesley's attempt to substantiate this 

theory by deposition of copper on a steel surface failed, since 
. . . d b h (?6 ) corrosion rates were substantially increase y t e copper • 

Tarehera, using thin film electrolyte coverage techniques, has shown 

copper additions to have no significant effect on the corrosion 

rates experienced by steels, even after production of a red-brown 

surface coverage, by five hours exposure to a corrosive aqueous 

solution. Cyclic exposure to 3% NaCl solution for three days 

prior to thin film exposure was shown to result in an increase in 

the diffusion controlled oxygen reduction current. The reduction 

being of the order of fifty fold for both copper-bearing and non­

copper-bearing low-alloy steels, though the former were found to 

produce higher corrosion potentials and greater degrees of cathodic 

polarization in the region of their corrosion potentials( 3o>. 
Larrabee(??) and Buck(?B) are both agreed that the benefits 

obtained from alloying steels with copper are due to interactions 

of the element with sulphur contained · in the alloy, forming Cu2S. 

This interaction reduces the concentration of harmful free sulphur. 

Fyfe showed the effect of copper to be significant when contained in 

steels, but not when alloyed with sulphur-free irons, though he 

discovered maximum benefit to be obtained when copper was alloyed 

with manganese in sulphur~bearing steels(SB). These findings are 

in line with those of Buck(?B) and Larrabee(??). Inouye does not 

accept the above explanation since he argues from a thermodynamic 

viewpoint that MnS would be formed in preference to cu2s< 59 ) Fyfe 

is of the opinion that the presence of MnS in steels is capable of 

stimulating corrosion. 

Other theories relating to the corrosion behaviour of copper­

bearing steels are based on the composition arid properties of 

corrosion products formed on them. Copson's theory states that basic 

copper sulphates, formed in corrosion products produced on copper­

bearing steels under atmospheric conditions,perform a pore plugging 

function, reducing the degree of porosity and rendering them 
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protective. In chloride containing environments he suggests that 

chlorides, being more soluble than sulphates, perform the pore­

plugging function less effectively, resulting in less protective 

scales< 42 ). Even in specimens exposed to the marine atmosphere, 

Copson found the concentration of sulphates to exceed that of 

chlorides, though the chloride concentration was found to be signifi­

cantly higher in marine than in industrial atmospheres. Vernon 
• 

has extended Copson's theory, suggesting that the formula 

fcu((OH) 
2

• Cu) Jso
4 

represents the structure of the basic sulphates 

d • h . ff ( 48 ) S k. d h . t pro ucing t e pore-plugging e ect • · uzu i measure t e porosi y 

of the structures formed on copper-.bearing steels and found them to 

exceed the values for porosity of oxides formed on pure iron, due to 

. · 1 . d · ( 66 ) h. k b h 1 h 1 1 simi ar in ustrial exposure • In is wor ot sup ate eves 

and resistance to sulphate permeation were found to increase with 

the addition of copper to parent alloys. The major changes in the 

chemical structure of corrosion products with addition of copper, 

was found to be the production of/XFeOOH in the corrosion product 

layers, possibly due to locally acidic conditions. Suzuki relates 

the sulphate contents of the deposits studied to their anion exchange 

properties. 

Theories of atmospheric corrosion relating to the critical 

relative humidity of corroded steel surfaces depend on the 'capillary 

condensation' and 'chemical condensation', which are characteristics 

of corrosion products. Capillary condensation is caused by the fact 

that pressure of a vapour saturating a given space is lower for a 

concave surface of the kind formed in the pores of corrosion deposits 

than for a convex surface, as formed by a non-wetting liquid on a 

flat surface. This effect is responsible for small pores with 

associated high curv~ture of the concave walls allowing condensation 

to remain in equilibrium even at low atmospheric pressures. Larger 

pores, with correspondingly less wall curvatures are in equilibrium 

only at higher pressures. Chemical condensation refers to the uptake 

of water by a material due to the hygroscopic nature of the chemical 

constituents of the material. The effect of pore size on the corro­

sion rates of corroded-steels.has been studi~d indirectly by investiga­

ting the rates at which corrosion products dry out, and their critical 

relative humidities. Fyfe notes that the more protective corrosion 

products found on low-alloy steels containing copper dry out more 
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. (58) 
slowly than similarly formed layers on mild steels • Higher 

critical relative humidities are noted in the case of copper-bearing 

steels than in the case of mild steels( 79 ). It is suggested that 

this effect is due to an increase in pore size causing a reduction 

in capillary condensation, which is in line with the pore size 

increase noted by Suzuki, but appears to contradict the pore­

blockage theory suggested by Copson. 

The hygroscopic nature of compounds contained in corrosion 

products has been considered by Barton and Vessely who, assuming 

hygroscopic sulphates or chlorides to be prevalent in oxides formed 

on steels, believe copper affects _corrosion processes by reducing 

the quantities of these compounds in the corrosion products and 
. (80) 

hence the moisture content of the corrosion products • As atmos-

pheric corrosion is essentially an aqueous form of corrosion, this 

theory can be expected to predi<:_t a reduced rate of atmospheric 

corrosion when copper is contained in low-alloy steels. Copson's 

pore-plugging theory can be reconciled with the noted difference in 

critical relative humidity relating to mild and to copper-bearing 

steel forms of corrosion only if chemical condensation can be shown 

to be responsible for the critical relative humidity of corroded 

_mild steels. It has been shown that measured pore sizes do not, 

in general, agree with Copson's suggested mechanism of atmospheric 

corrosion of copper-bearing steels. Fyfe finds the theory capable 

of explaining most of his experimental findings, but notes that a 

0.47% Cu low-alloy steel produces a more porous corrosion product 

than a 0.07% Cu low-alloy steel. This finding is in agreement with 

the suggested mechanism outlined by Suzuki and Sakashita. Misawa 

finds higher water contents in products formed on low-alloy steels 

Und t h . d" · • ( 53 ·} Th h th· er a mosp eric con itions than on mild steels • oug is 

may initially appear to support the idea that chemical condensation 

is the cause of critical relative humidity variations, the pore-size 

effect could also be expected to result in higher water concentrations 

in low-alloy steel corrosion products, since the greater surface 

area exposed to the aqueous environment, due to larger pores, could 

be expected to result in higher water concentrations. 
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Both Okada(G 4) and Misawa(GJ) regard a primary· function of 

low-alloy additions to steels to be that of suppressing the crystalliz~ 

ation of Fe3o
4 

in favour o~· an amorphoUB oxide with a lower 

permeability to both oxygen and water, resulting in reduced corrosion 

rates. Okada considers the protective oxide to be the inner portion 

of the duplex surface oxide structure, being an amorphous polymer 

of unit structures of spinel oxide linked by OH bridges. This 

network he considers capable of substantially reducing the diffusion 

of oxygen ana water to the steel substrate. The effect of. copper 

additions is thought to be that of suppressing recrystallization of 

Fe3o4 from the amorphous spinel. 

As indicated earlier, Inouye's theory of atmospheric corrosion 

of copper-bearing steels relates the more crystalline oxide structures, 

of i% to 3% Cu,with shielding of the base steels from oxygen and 
( 59) 

water • Electron probe microanalysis wor½ suggests that copper 

contents of corrosion products are far lower than those of parent 
(54) . 

alloys _and- hence well below the 1% to 3% level. This inconsistency 

has not been explained. 

Studies of corrosion products produced on copper-bearing steels 

exposed to industrial atmospheres had been performed on sulphate 

solutions. These have revealed a lowering in permeation rate of 

salts contained in electrolytes, with increased copper contents of 

steels. The same workers have shown similarities to· exist between 

the behaviour of such oxides and of artificially produced iron oxide 

anion. exchange memb_ra_ne/ 66 ). Si_milar work has been undertaken by 

Sakashita relating to hydrous ferric oxide films exposed to chloride 
(67) containing aqueous electr.olytes • These membranes have been shown 

to have an anion selective nature, resulting in the passage of 

chloride and similar anions through their porous structures. 

Incorporating molybdate anions, ei~her onto the surface or into the 

structure of such membranes,was found to change their ion selective 

character, converting them to cation selective membranes. This 

change results in inhibition of the passage of chloride ions _throu~h 

the porous structures. In the presence of multivalent anions the 

inhibitive effect of molybdate ions was found to be reduced, causing 

a reduction in the inhibitive effect of the membranes. 

The principal theories of the corrosion mechanisms of low-alloy 
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steels, as reviewed here, relate to copper-bearing steels in sulphate 

containing industrial atmospheres. Fig. 1.2 outlines the proposed 

structural changes in corrosion deposits induced by copper in parent 

alloys. The ion exchange theories relating sulphate environment to 

inhibition by copper and chloride environments to inhibition by 

molybdate show a degree of correlation with experimental findings. 

The effect of copper on atmospheric corrosion already discussed, 

relates closely with the results of works carried out in industrial 
(65) (7 r·. ) 

atmospheres. Neither Takamura nor Legault attempt to 

correlate the m6lybdenum content of alloys with their marine corro­

sion rates. The only data with which to compare Suzuki's findings 

is that of Schultze(lB). This work predicts a beneficial effect 

due to alloying with molybdenum, providing foundation for relating 

Suzuki's work to. marine corrosion. Copson suggests that copper may 

produce a beneficial effect on the rate of corrosion of low-alloy 

steels in chloride containing environments, in much the same way as 

it does in sulphate containing environments. Unfortunately he has 

little evidence with which to back up his suggestion( 42 ). 

1.3 The Nature of the Splash-Zone 

1.3.l Identification of the Corrosive Effect of the Splash-Zone 

Th.e mechanism of any form of metallic corrosion is a function 

of the specific environment to which the metal is exposed. This 

work is intended to produce a more thorough understanding of corro­

sion in the region of the marine environment directly above mean 

high tide level; an area which has in many publications been shown 

to be Capable ·of d ' . .. h' h (14,65,74,81,82) _In corro ing steels at ig rates . • 

the drier spray and atmospheric regions, distancing steels away 

from surface waters produces a marked reduction in rates of corro­

sion experienced there. Th.is effect is in keeping with the reduced 

chloride counts. produced at greater distances from turbulent surface 
. (17) 

sea waters • The data relating to the 80 1 and 800 1 lots at 

. Kure Beach as shown in Fig. 1.3 illustrates this effect. There is 

general agreement 

below surface sea 

predominant cause 

that corrosion rates of steel piles in the region 
. • (14 73 81) waters, are relatively uniform ' ' • The 

of the changes in corrosion _rates with depth, at 

levels below the surface sea waters, are due to biological activity 
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causing local fouling, variations in oxygen contents and similar 

concentration cell effects( 9 ,l7). For this reason, changes in 

corrosion rates with depth can be expected to be peculiar to specific 

geographical locations and may well vary from season to season. In 

Fig. 1.4 a typical corrosion rate variation profile is plotted for 

a steel pile passing through the sea-water regions, from the sea bed 

to the atmosphere above the surface waters( 83 ). No such profiles 

have been published for deep-water sites, though high corrosion 

rates are believed to exist in the splash-zone, directly above the 

d .d 1 (84) , eep-water ti a area ~ 

In addition to being the most aggressive area of the marine 

environment to steelwork the splash-zone is also the least easily 

protected. The two methods of corrosion protection of greatest 

importance for steels in marine environments are paint coatings and 

cathodic protection. By depending on electrical conduction through 

the sea water, cathodic protection does not lend itself to use in 
(85) 

the always damp, but never submerged splash-zone • The high 

osmotic pressure produced across paint .films used to protect steel­

work has been found to b~ c~pable of destroying such coatings(l?) 

and hence the protectivity of paint systems in the splash-zone. 

Renewal of paint systems on piled structures exposed to the marine 

splash-zone presents serious problems and consequently much attention 

has been given to alternative protection systems. Metallic cladding 

has been found to be capable of successfully protecting structures, 

at a price(
2
l)! Since this work is concerned with obtaining an 

understanding of the mec~anisms of splash-zone corrosion, a full 

assessment of the methods of corrosion prevention is not presented. 

1. 3. 2 Variables Affecting Splash-Zone Corrosion 

The most thorough work on the changes in corrosion rates with 

depth, of steels exposed in and below the tidal regions at a coastal 
- . (85) 

test site appears to be that performed by Humble. at Kure Beach, 

North Carolina. LaQue produced similar results. to Humble. These 

are summarised as follows:-

{i) Steel specimens exposed above tidal levels corrode faster 

than those exposed at the tidal level. 

(ii) By connecting specimens ·located above the tidal level to 

specimens located at lower levels, they can be protected . 

at the expense of increased corrosion rates at the lower 

level. 

(iii) Unless connected to specimens at other levels, those 
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exposed below surface sea waters corrode at rates independent 

of depth of exposure. When connected to specimens exposed 

at higher levels, sub-sea specimens corrode at higher rates, 

which are dependent on depth of exposure. 

Figs. 1.5 (a) and (b) represent HumblJs findings graphically. 

The explanations offered for the above noted effects relate to 

variations in oxygen levels. The upper-tidal level is moist and 

highly aerated throughout the tidal cycle, while the corrosion rates 

experienced at the lower tidal levels are governed by the limited 

access of oxygen, for some portion of the tidal cycle. This limited 

access is due to the slow diffusion of oxygen through the bulk sea 

water. Specimens below the surface waters corrode at rates dependent 

on the diffusion of oxygen to their reacting surfaces, when electrically 

isolated, for the whole of the tidal cycle. As oxygen levels change 

little with depth in the sub-sea section of Humble's test site, 

corrosion rates changed correspondingly little. In this way, corro­

sion rates can be related to the period of the tidal cycles for 

which they are covered by only thin films of sea water, through 

which oxygen can readily permeate. 

Both Humble and LaQue find that by electrically connecting 

specimens in the highly aerated upper regions to specimens in the 

lower regions, cathodic protection of the more highly aerated 

surfaces can be achieved. The higher oxygen activity at the higher 

levels supports the cathodic oxygen reduction r eaction leaving the less 

11 t d f . d. . . ( 86) we aera e sur aces to support the anodic issolution reaction • 

To back-up this cathodic protection theory, Humble performed tests 

in which he measured the protective current flowing between specimens 

in different areas, both in and below the tidal zone(B 5 ) These 

results show that some degree of cathodic protection can be experienced 

in the upper-tidal zone down to the rates experienced below the tidal 
(83,85) 

range • The resistance of the thin film of sea water producing 

the electrolyte conduction path, could be the cause of this limitation 

on the degree of cathodic protection. 

LaQue considers not only specimens in the tidal range, but also 

specimens above this range( 93 ). The specimens exposed directly above 

the tidal limit were found to corrode at rates only slightly greater 
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than those experienced in the upper tidal zone, corrosion rates 

decreasing with height at a level of more than about a metre above 

the high tide level, in the manner shown to apply to specimens 
. (17) 

undergoing corrosion in the marine atmosphere • 

It is this area above high tide level which is called the splash­

zone, and the area directly above high tide in which splash-zone 

corrosion prevails. The pitting form -of corrosion in the splash-

zone is reportedly due to a resistance effect caused by the ~hin 

film of electrolyte restricting corrosion attack to local areas. 

Bulk sea water ensures a more even distribution of corrosion below 

the tidal level. Corrosion product dependence in the atmosphere 

d h . . bl . . ( 8 7 ) T h ren erst is area less suscepti e to pitting • omas ov terms 

the splash-zone 'the zone of capillary rise' ( 49 ). He suggests that 

the high corrosion rates produced are due to considerable and frequent 

wetting of the surface, combin~d with thin films of electrolyte 

offering minimal resistance to the transport of oxygen to the surface 

and the motion of sea water reducing the ability of surfaces to 

acquire protection from bulky corrosion products. 

Where the works of LaQue(B3) and Humble(B 5 ) differ is in the 

nature of corrosion profiles they reveal in the region directly 

below the tidal level. Here Humble notes a high rate of corrosion, 

not in line with I.aQue's results. As both sets of data were obtained 

at the same Kure Beach_ Basin, the differences cannot easily be 

explained in terms of location. The major differences 

in the procedure followed by the two workers relate to exposure times. 

LaQue used a 151 day exposure period(Sa) while Humble employed a 
. (85) 

period of 5 years • Build-up of corrosion products or fouling, 

over the extended period of time, at levels below the surface waters 

could account for Humble's results, since anodic dissolution could 

be concentrated in the upper regions by such a resistive surface 

covering. Takamura also noted high corrosion rates below low tide 

level, for specimens not extended into other regions of the marine 

environment. He only reports these effects on certain alloys. In 

this case the high corrosion rate was obviously not due to cathodic 

protection of the tidal region(G 5). 
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Over long periods of exposure to harbour waters, steel piles 

have been known to show signs of selective corrosion around the water 

line. A comprehensive study of these effects has revealed a 

correlation between harbour depths and the form of the corrosion 
. (88) profiles produced • The same workers note that the tidal range, 

the presence of fresh water and the geometry of the pile all play 

a part in determining the corrosion processes occurring around mean 

tide level. 

The quantity of work detailing the behaviour of low-alloy 

steels corroding under atmospheric conditions, does not appear to 

have been duplicated for low-alloy steel corrosion in the marine 

splash-zone. Only Takamura has made an attempt to analyse the 
(65) 

corrosion products formed in the splash-zone • He finds Fe
3
o4 

ando(FeOOH to be the predominant species in corrosion products, 

regardless of the parent alloy. It is interesting to note that the 

more protective of the synthetic corrosion· products formed by Inouye 

were composed of the same oxides as found by Takamura on the alloy 
(59) • 

steels tested , though there is no mention in his work of the 

secondary structure of the oxides. Inouye considers the secondary 

structure to be corrosion rate controlling under certain atmospheric 

conditions. Takamura also fails to mention the distribution of 

minor alloying elements within oxide layers, or to give any indica-

tion of their presence in the structures. In his review, Von Eijnsbergen 

claims that chloride levels are substantially higher in splash-zone 

corrosion products than in similarly formed compounds produced on 

·t l d h · · ( 2 ) sees expose at ot er marine sites • 

1.4 Accelerated Aqueous Testing and Simulation Testing 

In most marine corrosion situations it is the long-term 

behaviour of materials about which a knowledge is required for design 

engineers to make full use of the materials available to them. The 

most effective way of producing such information is by exposure of 

specimens of the material under consideration at the particular 

site under consideration, for long periods of time. Such tests 

have two major drawbacks:-

(1) They require long testing periods. 

(2) When completed they relate only to the specific test 

location. 



A number of accelerated tests have been devised to overcome the 

first problem. For these· tests it is necessary to identify the major 

variables affecting the particular form of corrosion, and to intensify 

them. Simulation tests are performed with the major variables held 

constant at values associated with the particular environment under 

study. In the atmosphere the following major variables have been 

noted, by Bromley, as relevant:-

(a) Frequency of wetting and drying. 

(b) Composition of the wetting agent. 

(c) Temperature of the air. 

(d) Humidity of the air. 

(e) Predominant wind direct ion. 

(f) S02 content of the air. 

These parameters he varies in such a manner as to accelerate the 

corrosion processes occurring in the air, by use of a corrosion test 
. (89) 

rig • The majority of such rigs function by cycling specimens 

through wetting and drying processes. Variation of the wetting 

electrolyte and of the dr~ing atmosphere allow tests to be suited 

to a number of different environments. For such_ test rigs no definite 

rules appear to relate the choice of cycling system or electrolyte 

to specific environments. Shl.yafirmer makes use of a weekly cycle 

which includes a period in a humidity chamber and a ·,period in a 

sulphuric acid solution(S3). His work is aimed at obtaining a greater 

understanding of the aqueous corrosion of steels in industrial 

environments. Pourbaix considers cycle times of from 1 minute to 

2 hours to be suitable for accelerated testing of a wide range of 

atmospheric conditions, when allied with variations in electrolyte 

d • d • • ( 9o) U f h . . • d b an air con itions • se o t e specimen potential is ma e y 

Pourbaix to · indicate the onset of coverage passivity associated 

with protective corrosion product formation. Here he repeatedly 

immersed in a corrosive medium and dried in warm air, a variety of 

alloys. It is claimed that by measuring the specimen potentials 

during the wet period of the exposure cycle, a knowledge of the 

protective nature of corrosion products formed can be acquired. 

Fig. 1.6 illustrates the construction of the test apparatus. Electro­

lyte is contained in a glass tank, which also -contains an electrolyte 

bridge to a reference electrode in order to facilitate measurement 
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of specimen potentials. Two specimens of the alloy under test are 

attached to the spindle, which rotates slowly ( speeds of from 1 ·rev. 

per minute to½ rev. per hour have been found suitable for studies 

of a wide range of alloy/environment combinations) so that specimens 

are immersed for the order of . half a cycle. During the other half 

of the cycle specimens are exposed to the heated atmosphere. 

Measurements of specimen potentials with respect to the reference 

electrode are facilitated by a commutator/slip-ring arrangement on 

the spindle. 

Typical plots of potential against time for a range of steels 

are shown in Fig. 1.7. Fig. 1.7 (a) shows potential versus time 

plots for steels which form protective oxide layers, indicated by 

more anodic potentials than those relating to less corrosion­

resistant steels. When cycle times of the order of an hour are 

employed, variations in specimen potentials during single immersion 

cycles can be recorded. Fig. 1=7 (b) is typical of the form of 

such a specimen potential plot. From such data, Pourbaix suggests 

that an indication of the extent of pitting of specimen surfaces 

can be produced. Both pitted and protected steels eventually reach 

potentials in the · pH dependent 'passive zone' of the'Pourbaix 

diagram' relating to iron in water. This region is depicted 

in Fig. l. 7 (c). 

Takamura makes use of a very similar test rig in an attempt 

to produce an accelerated corrosion test suitable for use in the 

various marine exposure zones, from tidal to atmospheric. No electro­

chemical measurements are made in Takamura's work( 6S). Weight-loss 

values and corrosion _product structures are compared with those 

relating to site tests, in an attempt to correlate rig and site test 

results. 

Takamura suggests that cycle times of three minutes correspond 

to the corrosion in the lqwer tidal area, of twenty minutes corres­

pond to the condition in the tidal zone and of one hour correspond 

to conditions in the splash-zone. These figures are based on his 

attempt to correlate site and simulator results. They appear to 

bear no relation to any of the natural cycles due to tidal and wave 

actions experienced in this area. 
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Direct exposure to humid conditions, in spray cabinets, has 

produced a degree of correlation with atmospheric behaviour. One 

example of this is the work by Ross, who found the effect of sulphate 

spray to be similar to that of the sulphurous Manchester atmosphere(SS). 

The mechanism of cathodic reduction of sulphur dioxide to sulphides, 

noted in the simulator work was found to apply to the atmospheric 

work. Bruno also used sulphate spray techniques in an attempt to 

d t h · · behav1.·our< 52 ). H f d d t repro uce a mosp er1.c corros1.on e oun a a 

obtained by polarization of specimens after corrosion both on site 

and in the spray cabinet, to be suitable for screening alloys prior 

to long-term testing. 

Singhania provides a compromise test aimed principally at 

determining the environments to which alloys are susceptible, by 

washing atmospherically-exposed specimens periodically in solutions 

of sulphate (to represent industrial conditions) or chloride (to 

represent marine conditions). While this work does allow a degree 

of comparison to be made between test environments, the test cannot 

b . d . ul . . (91) e use as a s1.m at1.on exercise 

Thin film electrolyte polarization techniques have been 
( 49) 

developed by Tomashov , but as they relate to the corrosion 

behaviour of non-scaled surfaces, they cannot be said to simulate 

the long-term corrosion behaviour of steels exposed above or below 

the tidal level. Thin film techniques exployed on heavily corroded 

steel surfaces have been used, but have shown little more than can 

be expected to be obtained from polarization plots produced in bulk 
(30) 

electrolytes • 

As this review indicates, no testing procedure uniquely 

reproducing the splash-zone· condition has yet been devised. · 

Takamura's extension of atmospheric test techniques to the marine 

splash-zone appears to be the most promising area of study for either 
. · (65) 

accelerated testing or screening of steels • Of the six variables 

noted by Bromley as relevant to atmospheric corrosion, the frequency 

of wetting and drying, along with the composition of the wetting 

agent can be expected to relate to the splash-zone corrosion of 

steels. Since certain similarities have been noted between atmospheric 

and splash-zone corrosion behaviour, there appears to be some 
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justification for giving particular attention to these variables 

when considering the design of a suitable device for modelling 

splash-zone corrosion behaviour. 
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2. 

2.1 

EXPERIMENTAL PROCEDURE 

Scope of Work 

2.1.1 Selection of experimental materials 

In order to avoid long-term testing of an excessive number of 

alloys, the protection offered by corrosion products has been studied, 

A knowledge of the various mechanisms involved in splash-zone corro­

sion and the effects of alloying elements on these machanisms gained 

from this work should allow a meaningful choice of alloys suitable 

for long-term testing to be made. 

In order that the work be applicable to the structures at 

present located in the North Sea, the two steels most extensively 

used in the fabrication of such structures are used in these tests. 

Low earbon equivalents, in order to avoid cracking of hard heat 

affected zones, along with suitable strength to resist fatigue at 

highly stressed nodes, are requirements for offshoreconstruction 
. (24) 

materials • A weathering steel of the copper-bearing type has also 

been included in the test materials, as such materials have been 

thoroughly studied in relation to their atmospheric behaviour. In 

an attempt to identify the effect of alloying on corrosion behaviour, 

an unalloyed pure iron has been included in the range of test 

materials. The following four materials were .used in this programme of 

crirrosion testing. 

1. Pure (99.998%) iron. This was used as it contains minimal 

amounts of impurities, allowing the behaviour of other alloys 

to be related to it. 

2. BSS436O Grade 43A. This alloy is typical of the mild steels 

In the offshore oil industry this alloy is used widely, 

particularly for non-structural applications. 

3. BS436O Grade SOD. The composition of this alloy is similar 

to that of Grade 43A, though alloy contents are higher. The 

major North Sea structures are fabricated from this alloy( 3). 

4. Carten A. This low-alloy copper/chromium steel has been 

developed for its resistance to corrosion in industrial 
(24) 

atmospheres • 
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All the alloy compositions are listed in Table 2 .l. These alloys 

were chosen in order to distinguish between the splash-zone corrosion 

behaviours of weathering steel from that of mild steel and of pure 

iron. 

TABLE 2.1 

Composition of Alloys for Corrosion Tests at Various Sites 

Steel 
SOD 43A Carten 

Alloying 
Element 

C 0.21 0.12 0.07 

Si 0.36 0.03 0.30 

s 
Pb 0.009 0.005 0.075 

Mn 1.27 0.28 0.20 

Cr o. 56 

V 0.01 0.01 

Ni 0.027 0.005 0.003 

Cu 0.31 

Fe BAL BAL BAL 

2.1.2 Limitations of site tests 

There are two major constraints on splash-zone site testing:-

1. Tests on specimens cannot readily be performed on site . 

due to limited access to the splash-zone, for both equipment 

and operators. 

Removal of specimens to the laboratory for weight-loss analysis 

is a quite valid procedure, provided no opportunity for excessive 

corrosion is allowed prior to processing, but it must be borne 

in mind that electrochemical tests depend markedly upon their 

environment. It was thought that this problem could be over-

come to some extent if simulation equipment could be produced 



in the laboratory, in order to subject specimens to a synthetic 

environment based on the character of the marine splash-zone, 

rather than to the naturally occurring splash-zone. 

2. The second problem inherent in site tests,is that of 

subjecting different specimens to the same site conditions, 

corrosion rates having been found to vary markedly with the 

height at which specimens are located in the region of the 

splash-zone. This problem was reduced by mounting specimens 

of different alloys in adjacent 'windows' of mounting racks. 

Both coastal and deep ,water test sites were chosen for the work, 

in an attempt to assess the effect of environmental variables on 

corrosion. 

Coastal specimens, suitably mounted, were attached to the groynes at 

the north end of the Aberdeen beach. Figs. 2.1 and 2.3 indicate the 

manner in which the specimens were exposed. An exposure height of 

2. Sm above mean tide level and a vertical orientation,- facin'g north 

towards the Don estuary, define the test site. 

The deep water specimens were located horizontally, facing downwards, 

at a height of 12m above mean tide level on the B.O.D.L. Thistle A 

production platform. Horizontal orientation was chosen, as any other 

method of fixture would have required additional brackets, reducing 

the strength of the fixtures, and hence their resistance to the 

effects of high seas. Orientation can be expected to affect the 

influence of rain and wind gn corrosion rates. Copson suggests that 

these effects are particualrly significant at marine sites where 

washing of soluble chlorides is a major form of corrosion product 

degradation( 42 ). Fig. 2.2 indicates the attachment method used at 

this site, while Fig. 2.3 shows the site location in the North Sea. 

The orientation of specimens both to the horizontal and to the 

prevailing wind direction has been found to be of significance in 
• (17) 

studies of atmospheric marine corrosion Sheltering from rain 

and direct sunlight has been shown to affect corrosion rates of 

steels~ 69 ). Copson suggests that the orientation dependant manner in 

which electrolyte drains from steel surfaces under the influence of 
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r . d- · - . h. h h d ( 42 ) I ain an gravity, affects the manner in w ic t ey corro e ·• n 

the splash .- zone, where corrosion products rarely dry out, the effect 

of orientation can be expected to be less than in the atmospheric 

zone, allowing a comparison between corrosion rates relating to 

vertically exposed coastal specimens and horizontally exposed deep 

water specimens to be made. 

2.2 Corrosion Assessment Techniques 

In order to compare the effects of exposure to the simulated environ-
-

ment and to site conditions, techniques with which to characterise 

corroded specimens were developed to back-up short term weight loss 

and pit depth data. The joint weight-loss and pit depth measurements 

were used to measure corrosion rates in preference to the alternative 

techniques, such as measurements of specimen strength or electrical 

resistance, as they are more applicable to specimens in sheet form. 

They also provide an estimate of the changes in thickness of specimens 

brought about by corrosion. 

When deciding upon the techniques to be used, those used to assess the 

effects of atmospheric exposure on low-alloy steels were considered, 

as they have been used in the laboratory environment in order to 
' • C 4) back~up corrosion rate measurements • 

In the main the techniques considered for assessing the effects of 

corrosion on exposed specimens relate to the electrochemical 

character of corroded surfaces. Methods of measuring the physical 

and chemical nature of corrosion products were also considered. These 

included techniques such as X-ray diffraction, optical microscopy, 

electron probe microanalysis and wet chemical analysis of corrosion 

products. The techniques chosen and the factors affecting the choice 

are outlined in the following parts of this section. 

2.2.l Methods of exposure 

Specimens were exposed at .the coastal sites for various periods of 

time. An initial six month programme, involving monthly removal of 

Carten, 50D and 43A samples was undertaken at the coastal site, 

followed by a one-month programme involving ~3A, Carten and pure iron 
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specimens. Samples of SOD, 43A and Carten alloys were exposed at 

the deep water site for 4 months. In addition to these site tests, 

all four alloys were exposed in the splash-zone simulator for periods 

of 1 and 2 weeks. 

2.2.2 Specimen preparation 

(a) Machining 

Specimens were machined to 75mm by 35mm or to 10mm by 10mm, 

depending on the intended use of the specimens. 

Since other than in its effects on edge concentrated corrosion, 

specimen thickness does not appear to significantly affect 

rates of corrosion(B), specimen thickness was not strictly 

controlled during production. 

(b) Heat treatment 

Both the heat treatment and surface finish applied to steels 

have been shown to be capable of significantly affecting 
• h. . . ( 57, 93) A d d 1 · aqueous corrosion c aracteristics ·• stan ar annea ing 

procedure involving 2 hours at sso0 c in a pre-heated furnace, 

f 11 d b . 1 . d d( 36, 93) . o owe y air cooing, was a opte • In an attempt to 

avoid undue suppression of pitting, specimens were ground to 
(93) 

1200 grade emery • As the surface layers of steel were 

removed by this process, annealing in an inert atmosphere was 

not thought to be necessary, with contamination not being expected 

in the bulk of the specimens(57 ,94 )• · In order . to asses9 the 

effect of annealing in air compared with annealing in an inert 

atmosphere on the electrochemical character of the specimens, 

a quantity of high-purity iron was annealed in an argon atmosphere 

prior to processing in the manner adopted for air annealed 

·specimens and outlined in this section. 

' 

Specimens produced in this manner were degreased by swabbing 

with an acetone-soaked wad of cotton wool, prior to cleaning 

under a stream of acetone from a wash bottle and drying in 

dry air. 

(c) Specimen mounting 

Specimens mounted in cold-mounting resin were only exposed in 



the simulation apparatus and not on site. Using resin core 

solder, multistrand P.V.C. sheathed electrical leads were 

attached to the rear of specimens. Using P.V.C. tape, the plane 

faces were attached to 'Nylon'· moulds in the manner depicted 

in Fig. 2.4(a). Cold-mounting resin was introduced into the 

moulds to form the product described in Fig. 2.4(b). The 2BA 

mounting screws shown in the figure were bonded to the mounting 

resin, after removal from the moulds, using a smear of 'Twin 

Pack Araldite' on the screw heads. 

To clean the specimen surfaces, they were ground on 1200 grade 

emery paper, washed in water and rinsed in acetone, prior to· 

drying under hot air. 

{d) Pickling 

Prior to exposure, all specimens were pickled in 10% HCl at 

45°C for 20 minutes, · in order to give all surfaces similar 

finishes. Hydrochloric acid pickling has previously been used 
· h · . ( 58) in t e preparation of steels for atmospheric exposure • 

The process was undertaken in a litre beaker, covered with a 

6mm thick 'Perspex' cover to reduce evaporation and fume escape. 

Specimens were so arranged in the beaker as to allow solution 

access to all metal surfaces, prior to covering with the pre­

heated acid solution. With the vessel cover in place, the acid 

temperature was maintained by the use of a hotplate. A glass 

thermometer, passing through a 'Nylon' gland in the cover allowed 

the solution temperature to be checked. Checks on the reproducability 

of corrosion potentials of pickled specimens were made by allowing 

a number of mounted specimens_ to reach equilibrium in aerated 

synthetic sea water, contained ·in the cell described in section 

2.2.7. Measuring the potentials of specimens relative to a 

saturated calomel electrode served as an indicator of the 

reproducibility of the process. Details of such measurements 

relating to the four alloys are summarised in Table 2.2. 
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TABLE 2.2 

Relationship Between Alloy and Rest Potential in Synthetic Sea Water. 

Steel SOD 43A Carten Iron 

Mean Potential (SCE) -675mV -688mV -696mv -672mV 

Standard Deviation SmV 2mV SmV 6mV 
on Four Tests 

Prior to exposure, the larger (75mm x 35mm) specimens were 

rinsed in acetone, dried in a stram of warm air and weighed 

to the nearest milligramme on a single pan balance. The smaller 

mounted specimens were similarly cleaned and dried. All 

specimens were stored in the laboratory, within a desiccator, 

ready for exposure to one of the marine environments. 

(e) Site test specimens 

Holders were produced for the exposing of the different alloys 

at the marine sites. In designing these units, the following 

criteria were recognised. 

(i) The holders, once attached to a stru~ture, should 

be able to remain attached and whole when subjected to the 

unquantified forces acting in the splash-zone. 

(ii) Crevice and edge effects, noted as the cause of local 

corrosion attack( 95 ), should be minimised. 

(iii) The exposure conditions of all alloys should be as 

near identical as possible, in order to allow direct 

comparison of results. 

The basic design produced to meet these criteria is outlined 

in Fig. 2.5. Two 0.5 11 thick sections of 'Polypropylene', 

fastened face to face by a number of 6BA 'Nylon' screws, form 

the basis of the design. The mountings illustrated were 

produced for the deep ocean site. For exposure at the coastal 

site, brass nuts and bolts replace th~ 'Nylon' fastening screws, 

though the 'Nylon' pressure screws, designed to press specimens 
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into their mountings, remain, as use of metallic screws for this 

purpose could be expected to result in galvanic couples, 

affecting corrosion rate of the experimental samples. 

From the limited published data relating to splash-zone exposure 

techniques there does not appear to be a standard method of mounting 

specimens in the splash-zone, though it appears to be common 

policy to expose both the major faces of specimens to the 

environment. LaQue makes use of small porcelain insulators 

located around the edge of specimens in order to attach them 
. . ( 83) 
to supporting steel structures • This exposure technique is 

very similar to that which he uses for the atmospheric exposure 

of specimens, though the splash-zone specimens, unlike the atmos­

pheric specimens, were exposed with their major surfaces in 

the vertical plane. Both Humble(SS) and Takamura( 5S) find it 

necessary for holes to be drilled in specimens in order to 

secure them to mounting structures. The wave heights experienced 

at deep-water sites are known to be far in excess of those noted 

at Kure Beach, where LaQue and Humble performed their ~ests, 

necessitating more robust specimen mountings. The design 

outlined earlier in this section allows wave forces to be exerted 

only .on one face of the exposed specimens. As specimens are 

backed by'Polypropylene'sheet, such forces can be expected to do 

little damage. 

Use was made of 'Lacomit' laquer on the edges and near faces of 

pickled specimens, to reduce· the effects of corrosion due to 

leakage of sea water into specimen holders. 

Windows in the front 'Polypropylene' section were milled from 

'sawn-to-size' sections of the material. A serrated-edge 

hole cutter was used, in conjunction with a vertical drilling 

machine, to produce the central mounting holes. All threads were 

cut by hand and machine swarf cleaned, particularly from around 

the exposure window, using a sharp knife. 

2.2.3.Laboratory simulation conditions 

An exposure tank with facilities for subjection of specimens to its 

synthetic environment, while allowing in situ observations to be made, 
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was designed and constructed. 

(a) Characteristics of splash-zone simulator 

Variables noted as relevant to low-alloy steel splash-zone 

corrosion include the chemical and biological nature of sea 
(73) . . (96) 

water · , the dissolved oxyg~n content of the surface waters , 

the degree of cathodic protection experienced by the steel(SS), 

the immersion cycle operating on the steel( 
7

), local characteristics 

of the electrolyte around the steel(gs), the surface water 

temperature, along with a number of sp~cimen variables, such· 

as chemical and geometric character( 97 )_ 

In an attempt to observe the manner in which corrosion proceeds 

in the splash-zone, the device described here was produced. 

In this the above noted variables are controlled in the manner 

outlined in Table 2.3. The characteristics noted in _the table 

relate to a specific splash-zone condition, with each factor 

falling within the range noted in specific splash-zones. Table 

2.4 indicates the content of the synthetic sea water in which 

specimens were exposed. This composition was preferred to 

natural sea water, which can, not only be expected . to vary · 

from season to season, but is also not suitable for long-term 

storage(
9

B). The oxygen content of the synthetic sea water 

is within the range quoted for the surface waters of deep ocean 
·t (15) si es • 

TABLE 2.3 

Control level of simulation variables. 

Oxygen level 

Cathodic protection 

Immersion cycle 

Flow past specimen 

Electrolyte temperature 

4 to 7ml 1-l 

Free potential 

10sec. Wet, 10sec. Dry. 

c.a. 300mm Min-1 

35°c ± 2°c 



TABLE 2.4 

Composition of synthetic sea water (ASTM D114,152) 

Compound Concentration 
g 1-1 

Na Cl 24.53 

Mg Cl2 5.20 

Na2 S04 4.09 

Ca Cl2 1.19 

K Cl 0.695 

Na HC03 0.210 

K Br 0.101 

H3Bo3 0.027 

Sr Cl 2 0.025 

Na F 0.003 

Humble has shown the effect of cathodic protection, both 

externally applied and due to concentration gradients, to be a 

significant influence on the character of corrosion in the 
. <as) tidal range , but no cathodic protection is employed in this 

work as this .would tend to cause complications regarding inter­

pretation, though the desi&n lends itself to potentiostatic 

application of protection. 

No attempt has been made in this work to incorporate either the 

random nature of surface sea water waves or tidal effects into 

the design of the simulator. The regular repeated cycle of 

wetting used in this simulator is not based on the natural 

splash-zone environment, though the cycle times have been chosen 

t . . . d . d (99) o roughly correspond with wave perio sin eep waters • 

While velocities of c.a. 300mm sec.-l of sea water relative to 

corroding electrodes may occur .in calm waters, a study of the 

effect of higher, more realistic relative velocities would be 

required in order to assess the behaviour of specimens at the 

deep-water sites. 
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The sea water temperature at which the simulator functions is 
. 0 

higher than most natural sea water temperatures at 35 C 

compared with 1s0 c, the maximum experienced in the North Sea( 3o)_ 

(b) Function of the splash-zone simulators 

In addition to .the control of conditions in accordance with 

Table 2.3, the simulator fulfils the following. It allows: 

(i) · electrolyte pH to be measured, 

(ii) 

(iii) 

(iv) 

{v) 

(vi) 

electrolyte temperature to be measured, 

electrolyte oxygen level to be measured, 

electrolyte _chlorinity to be measured, 

corrosion potentials to be monitored, 

drainage of electrolyte, and 

(vii) maintenance of quasi-constant atmospheric conditions. 

Bulk changes in the nature of the electrolyte during testing 

were neither planned nor were they regarded ;;as desirable. 

Facilities (ii) to (iv) are employed to define the limits to 

which the variables are restricted. Variations in the 

electrolyte pH can be adjusted to 8.2 by the addition of 

N/10 sodium hydroxide solution. 

Allowing the corrosion potentials (E corr) of alloys to be 

recorded is the prime advantage of the simulator over the test 

site, as changes in E corr are believed to be capable of providing 

clues to the changes in the characteristics of the corrosion 

processes taking place on alloy surfaces under observation. This 

facility has proved of use in accelerated atmospheric corrosion 

·testing, where its stability has been taken as indicative of a 

stable corrosion situation, with the stable value of E corr being 

interpreted in terms of the protection offered by atmospherically 

formed corrosion products( 4S). Drainage and cleaning of the 

tank to remove any build-up of contaminants between tests was 

decided upon in order to subject all specimens to the same 

electrolyte, without contamination from previous test solutions. 

The simulator was built with these design criteria in mind, as 

outlined in the following sections. Being of the slow-rotation : 

cyclic-immersion type, the simulator resembles that used with a 

degree of success at the wharf of the Kobe Steel Company Limited 
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in Amagasaki, Japan, though it employs shorter cycle times 

(20 sec. c.f. 180 sec.) in order to more closely resemble the 
. (30) 

period of deep-ocean surface waves • 

Many similar items of equipment have been used in atmospheric 

corrosion testing. Slow rotation and atmospheric heating systems 

characterise these devices. As theories relate splash-zone 

corrosion and atmospheric ·corrosion of low-alloy steels to 

aqueous mechanisms, with the splash-zone being the rr.ore humid 

area, it was considered inappropriate to use atmospheric heaters 

in the device described here. 

The apparatus differs from that used by Takamura in terms of 

cycle times and drying procedures. The differences were devised 

in an attempt to subject specimens to conditions more akin to 

the deep water environment studied here, than to the coastal 

environments studied by Takamura( 55 )_ Possible correlation 

of the deep water simulation work performed here with the coastal 

simulation work could be expected to be reduced by changi~g the 

nature of the electrolyte . significantly. For this reason a 
. 0 

synthetic sea water at 35 C was used, in accordance with 

Takamura's tests. 

The synthetic sea water is to ASTM D114, 152 without the optional 

heavy metal additions. This standard differs from the British 

Standard (BS 3900) in the manner in which it is prepared rather 

than in the chemical content. 

{c) Tank construction 

The principle on which the design is based is that of rotation 

of specimens about a water level axis so as to cause cycling 

between air and sea water environments. Fig. 2.6 shows the 

construction of the electrolyte tank and specimen rotor, both 

of which are fabricated from 'Perspex', a material chemically 

· · · 1 . ( 34 ) 'N 1 ' ' h ' 1 resistant to inorganic so utions • yon s c emica 

stability( 35 ), favoured its use for ancillary parts of the 

simulator. Fig. 2.7 illustrates the basic sea-water 

tank, which .is the structured basis of the apparatus. Location 

points for the drainage hose, heater, air-supply motor and slip­

ring pick-ups are noted in the figure. 
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A length of P.V.C. tube, entering the tank through a r.ecess 

in the lid, supplies air to the 'Perspex' diffusion unit, 

which rests on the tank base and allo~s the air to pass into 

solution through· 1 nnn diameter holes along its length. 

· A mains operated diaphragm pump is used to supply air taken 

from the laboratory. Fig. 2.7 shows the location point of the 

metal expansion thermostat which is coated with epoxy to avoid 

changes in the electrolyte due to metallic dissolution into 

the electrolyte. The thermost.at is positioned close to the 

heater to reduce the time-lag induced by the coating. Using 

a 2KW Silica encapsulated element, temperature is controlled 

within!:,2° of 35°C. 

The complete shaft assembly is detailed in Fig. 2.8. Six 

blades, slotted for the attachment of specimen holders, fit 

symmetrically on the central shaft, being separated by spacers 

fitting over the central shaft. 

With specimens soldered to the electrical connections shown on 

the rotor, their corrosion potentials are picked up at the end 

of the rotor shaft by polished spring steel pick-ups acting on 

mild steel slip-rings. This arrangement allows potentials to 

be monitored during specimen cycling. 

Mounting corrosion specimens without the production of corrosion 

susceptible crevices between mounting and specimen, governed 

the design of the specimen rack outlined in Fig. 2.9U'1). 

The 'Nylon' mounting rods shown locate in the slotted 

blades shown in Fig. 2.8 and are secured by 'Nylon' 2BA 

screws so as to wedge specimens between adjacent mounting rods. 

By the use of chamfered 'Perspex' spacers, specimens are so 

held as to avoid metal to metal contact. 

(d) Preparation of equipment 

The E.I.L. Model 152l*oxygen concentration electrode used in 

this work, contains a lead anode and a silver cathode enclosed 

in an oxygen permeable membrane, so arranged as to, when 

immersed in a suitably flowing solution and connected to a 

* Manufactured by Electronic Instr~ments Ltd. (England). 
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Model 1520 E.I.L. oxygen meter, produce meter readings proportional 

to the oxygen content of the solution. A flow rate in excess 

of 10 cm sec .-1 is required for the system to function in accord-
. . . . (86) 

ance with the operating instructions • 

In the simulator with which the system was used, electrolytes 

were stagnant, possibly leading to diffusion control of the 

cathodic reaction, rather than the activation control required 
. (86) 

for operation • In order to assess the characteristics 

of the oxygen monitoring system under stagnant conditions, 

the following procedure was undertaken:-

(i) A 1.5m x 0.3m x 0.5m deep tank was filled with deionised 

water . to a depth of 0.45m. 

(ii) Air was dissolved in the water by bubbling laboratory air, 

supplied by a diaphragm pump, into the lower regions of the 

tank for 4 hours, while the E.I.L. 1521 electrode rested on a 

shelf in the water. 

(iii) The electrode was moved in excess of 10cm sec -1.for a 

period of time, until a steady reading was produced when the 

instrmnent ga·in control was adjusted to give a reading of 100%. 

(iv) With th~ electrode again resting on the shelf in the 

water, a second steady reading was produced on the meter after 

a period of minutes. 

After adding quantities of sodium sulphite to act as an oxygen 

scavenger, the procedure was repeated to give further pairs 

of readings on the 1520 meter. The gain control was not re­

adjusted after the initial pair of readings had been produced. 

The . relationship between readings taken under moving and stationary 

conditions, is indicated in Fig. 2.10 to be linear. From the 

atmospheric pressure and laboratory temperature, Fig. 2.10 was 

calibrated in units of ing 1-l in accordance with the procedure 
0.00) 

outlined in the system manual • 

In order to measure the chloride contents of electrolytes in the 

splash-zone simulator in terms of chloride activities, measure­

ments of potential differences developed across a 'Solatron' 

voltmeter by a chloride sensitive electrode and a stable 
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mercury/mercu:rous sulphate reference electrode were made. The 

system was calibrated using seven standard solutions of 

logarithmically related strengths ranging from 30 to 3g 1-1 • 

Fig. 2.11 relates the potentials developed between the electrodes 

after 30 minutes in a solution, with the strength of the 

solution. The relationship indicated by the graph is of a 

logarithmic form over the range studied. 

2.2.4 Simulation Procedure 

After preparing specimens in accordance with sections 2.2.2(a) to 

(d), ready for exposure, 841 of synthetic sea water to the specifica­

tion outlined in Table 2.4 were mixed in the exposure tank. The sea 

water was left overnight to reach equilibrium working conditions. 

During this settling period, the thermostatic heating and the air 

supply were in operation. The tank cover was in place to reduce 

losses by evaporation. 

The oxygen concentration of the sea water and its chlorinity were 

then measured using the systems described in section 2.2.3(d). 

A buffered E.I.L. 5020 pH meter with combination pH electrode was 

used to measure the electrolyte pH. It was occasionally necessary 

to add sodium hydroxide to the sea water in order to raise the pH 
+ to a value of 8. 2- 0 .1. This value and technique has been quoted 

(101) by other workers • In all cases, electrodes were removed from 

the solution after readings had been taken in order to avoid 

contamination. 

Simulation type cor;rosion tests were performed in batches. Each batch 

contained all the specimens of one particular alloy. The steel 

specimens for the particular alloy under test (i.e. six large and twelve 

cold mounted specimens) were attached to the rotor blades of the tank. 

In all cases the first specimen to be attached was a cold mounted 

specimen. 

After being .mounted to a blade of the rotor by its 2BA fastener, a 

soldered joint was made between its connecting wire and one of the 

shaft wires in order to allow the specimen potential to be monitored 

during testing. The soft solder .joint was, . after testing for electrical 

continuity between the associated specimen pick-up and slip-ring, 
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masked with 'Lacomit' masking laquer. Two coats of laquer were 

applied to the joint before it was taped to the rotor shaft. A 

further coat of laquer was applied to the joint with the specimen 

taped in place. 

All other specimens were mounted using 'Nylon' fasteners attached to 

the cold mountings at the mounting rods . detailed in Fig. 2.8. 

In order to avoid galvanic effects due to the loose ends of cold7 

mounted specimen wires, the exposed ends of the wires were dip­

coated in 1 Lacomit 1 laquer, providing electrical and chemical 

insulation from the environment. As depicted in Fig. 2.8, the larger 

specimens were mounted parallel to one another, with a separation of 

approximately 10mm, which was found sufficient to avoid causing 

significant motion of local electrolyte. 

With the simulation apparatus thus prepared, a saturated calomel 

reference electrode, connected to the positive terminal of a 

'Rikadenki' model DBE 3*chart recorder was suspended in the surface 

waters of the synthetic sea water contained in the simulator. The 

negative terminal of the recorder was elelctrically connected to 

the appropriate slip ring pick-up of the simulator. 

Using a sensitivity of 2V full-scale deflection and a chart speed of 
-1 . 

1cm sec. on the chart recorder, a plot of a length of c.a. 2 minutes 

of the potentia~ of the cycled, soldered-in electrode (relative 

to saturated calomel) was produced by starting the rotor drive motor. 

After the two minute period, the recorder was discontinued, allowing 

cycling to proceed unmonitored. 

Without interrupting the specimen cycling, the two minute plot was 

repeated daily, along with measurements of oxygen concentration, 

chloride concentration and solution pH, in the manner described above. 

Variations in solution pH were corrected by the addition of sodium 

hydroxide as detailed earlier in the section. The temperature of the 

electrolyte was also measured daily, providing a check on the opera­

tion of the thermostatic heating system. 

Chloride and oxygen levels were measured in an attempt to gauge the 

limits to which they could be controlled, with no attempt being made 

to adjust them during expe~imentation. A total of eight weeks operation 

Mitubishi Instruments (Japan). 
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allowed temperature variation to be assessed, As simulation periods of 

2 weeks have proved sufficient for identification of corrosion 

r . t 11 . . . k( go) h . d h h esis ant a oys in previous wor sue perio s were c osen ere, 

with cycling being interrupted for c,a. 2 minutes after 1 week to 

allow removal of 6 mounted and 3 weight-loss specimens. 

Specimen potential monitoring was undertaken for two reasons! 

Firstly, changes in the specimen potential were expected as a result 

of physical and chemical changes in the surface condition( 77 ,B5 ), 

such as pit formation or pseudo passivation (true passivation of 

low-alloy steels could .not be expected in electrolytes of such high 

chloride content). Pourbaix states that when an alloy is subjected 

to the alternate actions of moistening with an electrolyte and 

desiccation, the manner in which its electrode potential varies 

during successive contacts with the electrolyte is directly related 

to the mechanism of the formation of corrosion products on the metal, 

and is related to the protective nature of such products, This 

behaviour is dependent on the anodic polarization brought about by 

the production of passive layers on thus treated alloys, and on time­

~ependent diffusion of electrolyte into pits, causing their activity 

to increase with time(go). Legault points out how deceptive electrode 

potentials can be when used to estimate corrosion kinetics, but finds 

good correlation between corrosion rates and electrode potentials . of 

weathering steels(lO?); Though changes in the nature of the synthetic 

sea water characteristics, such as pH, oxygen level or iron content 

could be expected to affect the monitored corrosion potential, changes 

in reversible electrode potentials for the iron/water system are seen, 

from the Pourbaix diagram reproduced in Fig. l.7(c) to be insignificant 

when the monitored values of the electrolyte are maintained within 

th . 1 · . d . · 3 0.02) e imits reporte in section • 

Secondly, a function of the potential measuring system i's to give an 

indication of the validity of the electrochemical tests subsequently 

carried out on monitored specimens after exposure and storage in the 

manner specified previously prior to testing. Comparisons of the 

potentials produced by such specimens, rehydrated in synthetic sea water 

for electrochemical measurements, with the potentials displayed during 
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simulation, was adopted in an attempt to assess whether or not specimens 

were sign_ificantly changed by the storage and rehydration procedure. 

2.2.5 Techniques for assessment of specimen changes due to exposure 

In order to compare the effects of exposure in the simulator apparatus 

and at the two marin~ test sites, techniques for characterising 

corroded specimens were required. Techniques were chosen to support 

the short-term weight-loss and pit-depth measurements used to indicate 

the degree of corrosion of specimens~ In deciding on the teqhniques 

to be used, the methods of assessment of the atmospheric corrosion behav­

iour of low alloy .steels were considered, as section l revealed similarities 

between their behaviour in the ·splash-zone and at atmospheric test sites. 

Corrosion specimens which are exposed to relatively stable aqueous 

environments, such as those immersed in waters or containing waters 

under quasi-stagnant conditions have been stored under suitably humid 

conditions prior to electrochemical testing, in order to reduce the 

effects of corrosion product dehydration during storage(ll9 ). As the 

splash-zone is a constantly changing environment, such storage techniques 

cannot be applied, and dehydration of corrosion products can be expected. 

These changes do not appear to have been thoroughly studied, but can be 

expected to affect corrosion products in the following ways:-

------

(a) Physical 

The macrostructure -0f layers of corrosion products may be changed, 

cracking and spalling of corrosion products along the lines of 

atmospheric summertime spalling can be expected to enhance the 

transport of ions to and from steel substrates when re-exposed to 
• (69) 

the aqueous test environment • A second macrostructural change 

possible during dehydration of porous corrosion products involves 

the precipitation of dissolved corrosion products, possibly block­

ing pores along the lines depicted in Copson's theory of weathering 
. · - · . . (42) 

of copper-bearing steels • Such a process could be expected 

to reduce the rate of transport of ions to and from steel substrates 

when re-exposed to the aqueous environment. This process could be 

expected to be reversed to some extent by rehydration. 

{b) Chemical 

In chapter 1 the importance of chemical condensation with respect 

to atmospheric corrosion of materials covered with hygroscopic 

corrosion products was noted. ·By dehydration of such corrosion 

products, their chemical structure may be significantly changed. 

There is no certainty that the rehydration process will fully 

reverse these effects. 
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Sakashita notes sufficiently high ionic concentrations within wetted 

pores of steel corrosion products to totally change 'the chemical 

environment from that existing at the oxide/air interface( 57 ). The 

effects of concentration changes on chemical characteristics such 

as pH, brought about by dehydration can only be guessed at. What 

is certain is that some degree of chemical change will take place 

during such processes. 

(c) Electrical 

As the electrical (electronic and ionic) conductivity of a corrosion 

product is a function of both its physical and .chemical composition 

the effects of dehydration and storage on their electrical nature 

cannot be separated from the effects noted in .the previous two 

paragraphs. When corrosion products are saturated with highly 

ionised electrolyte, the conductivity of the composite can be 

expected to be high. In general hydration of corrosion products 

appears to increase conductivity. 

From the above it can be seen that a number of opposing effects are caused 

by the dehydration and storage of corrosion products. Though a number of 

these effects are reversible there are those, such as scale spalling, 

which are permanent. The net effect on corrosion potentials cannot be 

gauged. It would appear to be safer to view findings in the light of 

the above factors, rather than to hazard a guess at the effects in advance. 

Changes in steels due to weathering have been partially explained in 

terms of changes in electrode kinetics, such as general increased anodic 

l . . ( 64) . . ( 49) d h . h po arization , passivation an c anges in t e nature of cathodic 

reactions ( 6·4) • Physical changes in cor!X)sion product layers have also 
. (63) 

been noted as a result of weathering • 

2.2.6 Physical techniques 

-------

(a) Weight-loss 

This technique is widely used in the study of corrosion, allowing 

a direct measur•ement of the mean corrosion rates experienced 
• d f . b . t b d (Ul3) W . h 1 over perio so time y specimens, o e ma e • eig t- oss 

analysis does not provide any indication of the distribution 

of the corrosion process over specimen surfaces; furthermore, 

the technique necessitates destructive descaling of specimens. 

Non-destructive weight gain t~chniques in which scaled specimens 

are weighed, have found little application in the study of 

aqueous corrosion of steels, as scale loss is · usually difficult 
· (35) s· h . (61) to avoid during exposure , though ing ania has used both 

weight-loss and weight-gain techniques for analysis of the 

effects of atmospheric corrosion of low alloy steel. Fyfe(SB), 
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by weighing specimens at various times during the descaling 

process, has extended the weight-loss technique allowing 

differentiation between adherent and loose rust to be made. 

Fyfe's -technique allowed highly adherent rust layers; which he 

found to form on weathering steels, to be differentiated from 

the less resistant coverings formed on mild steels under 

h · d" · ( 5 B) h h f ' . atmosp eric exposure co_n l. tions • T e p enomenon o spring 

time spalling' -of rusts was indicated in this work by a seasonal 

reduction in total specimen weights. Incidentally, Singhania's 
. h . k h d h . h ( 43 ) . weig t-gain wor also s owe up t is p enomenon • 

The weight-loss technique described here is simply use_d as a 

measure of the mean corrosion rate of specimens. In some cases, 

small areas of the surface of site test specimens for weight 

loss analysis, were used for performing electrochemical tests 

prior to descaling. For these tests, no more than one coulomb 

(lmAx10 3s) of charge was conducted across any one specimen. 

Furthermore, should this charge all have been conducted by metal 

dissolution (Fe•Fe 2+), Faraday's Law indicates that the weight 

change due to this dissolution 

where Q 

M 

z 
F 

giving a 

W = QM/ZF 

= the charge passed (coulombs) 
-1 = Molecular iass (gm ) 

= Number of electrons involved 

= Faraday's constant (96.5 x 103cmoi; 1 ) 

~eight change of 

w = 
-3 (31) 

0.3 X 10 . g. 

This maximum weight change is within an acceptable range, as 

weights were only measured to within l milligramme. 

For the electrochemical measurements, electrical connections 

were soldered to the rear face of weight-loss specimens in the 

form of multistrand, P.V.C. covered copper wire. Masking of 

the front face of specimens U$Ually to 0.7cm2 (a size related 

to the output of the potentiostat) was performed by brush 

application of two·coats of 'Lacomit, 1 laquer, around a template. 

To perform this application without the laquer contaminating 

test areas it was applied as thickly as possible. 

After exposure, specimens for weight-loss analysis were stored 
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in a desiccator. Some were removed for electrochemical tests 

before descaling. All specimens were descaled in 800cm3 of 

20wt% boiling sodium hydroxide solution, containing 24g of zinc 

d . f. d b. Ch ' U03) Th 1 t . b ht ust, as speci ie y ampion • e sou ion was roug 

. to the boil and the zinc carefully added. The specimens were 

arranged in the beaker in such a way as to ensure that all 

were totally covered by the mixture. The positions of the speci­

mens were carefully noted since they were not otherwise 

identifiable. 

After. 10 minut~s immersion in the boiling solution, the specimens 

were removed and immediately reimmersed in cold deionised water 

prior to removal of the flaky. surface residue.· Reduction of 

the corrosion products to a non-adherent, brittle form is the 
• ' 0.-03) 

proposed mechanism by which the descalrng process operates • 

The specimens were individually removed from the deionised 

water and vigorously rubbed with a moist cotton-wool swab until 

appearing clean .. to the eye, rinsed i .n deionised water and sprayed 

with acetone prior to drying in a stream of warm air. Specimens 

prepared in this manner were re-weighed on the single-pan 

balance allowing specimen weight losses, due to corrosion, to 

be calculated. 

_3(104) 
From the weight loss values, assuming a density of 7.87g cm 

for all alloys tested, mean specimen thickness reduction rates 
~-1. were calculated in units of mm JI 

(b) Pit-depth 

After processing in the manner outlined in (a) above, specimens 

were longitudinally sectioned using a diamond wheel rotary cutter, 

As this method of sectioning leaves a burr on specimen under­

sides, site exposed specimens were mounted face upwards to avoid 

damage to the pitted surfaces: No further metallographic 

preparation was performed. 

Specimens prepared in this way were viewed under a 'Projectina' 

optical microscope with a graduated screen, allowing upper 

specimen surfaces to be viewed in section. 30 millimetre lengths 
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of specimen surface were scanned looking for deep pits. The 

depth in section of the ten deepest pits located on each 
. • · no~ 

viewed section of specimen surface was then noted • The 

mean values of the ten readings was recorded as a measure of 

the 'pit~depth' of the specimens. In order to assess the 

reproducibility of pit depth measurements, each set of readings 

was repeated once, using identically prepared specimens. 

2.2.7 Electrochemical techniques 

. ( 2~) 
The reported constant wetting of structures in the splash-zone 

and the constant wetting of specimens exposed in the simulation apparatus, 

suggests that any critical relative humidity for corrosion will be 

exceeded during exposure to these environments and hence that the aqueous 

environment will fulfiL a major . role in the corrosion of steels under 

such conditions( 45 ). The procedures outlined in this section were 

devised to define the electrochemical properties of freshly pickled 

and of corroded specimen surfaces. As previously noted, specimens were 

stored in a desiccator and rehydrated in synthetic sea water, prior to 

electrochemical testing. Assuming, as suggested in section 1, corrosion 

PI'9ducts formed during specimen ~xposure to be hydrated oxides of iron, 

this procedure can be expected .to change the properties of corrosion 

products, which is a proposed mechanism by which atmospheric corrosion 

of steels takes place< 42 ). In changing the character of corrosion 

products, storage can be expected to change the electrochemical behaviour 

of specimens. The procedure followed here allows significant changes in 

specific electrochemical characteristics of specimens to be detected. 

Similar storage procedures have been followed by other workers performing 

electrochemical test~, without undue detrimental effects being observed( 47 )_ 

Attempts were made to minimize the chances of corrosion products 

either taking up from their test electrolytes ions not present in 
' their structures, under test conditions, or leeching of ions from 

the corrosion products to the test environment. Either of those 
. d h . l . . ( 47 ) d reactions could be expecte to change t e ion se ectivity an 

hence the electrochemical behaviour of corrosion products. The synthetic 

sea water described in section 2.2.4 used for all electrochemical · 

tests, was the same as that used in the simulator in order to lessen 

the effects of ion-selectivity. Of course, one majo~ difference 

72 



between electrochemical test environments and exposure environments 

is in their oxygen to water ratio. During specimen exposure, surfaces 

are cycled between aerated sea water and highly concentrated vapour 

(i.e. an environment with a hi&h oxygen content). In the electro­

chemical tests, they are exposed to both aerated and deaerated sea 

water in an attempt to_ provide an indication of the effect of changes 

in the air to sea water ratio. Using the same technique, Okada has 

shown how lon·g-term atmospheric exposure results in a lowering of the 

dependence on the oxygen reduction reaction for the maintenance of 
(64) 

corrosion of low-alloy steels • 

The tests described here were based on these effects noted to occur 

during atmospheric corTosion of low alloy steels. The purpose of 

these tests is to assess the characteristics of both site and simulator 

formed corrosion products. All electrochemical tests took place under 

total immersion conditions in a glass cell, comprising a 250cm3 

'Quick Fit' flask with five neck cover, as shown in Fig. 2.12. This 

assembly was contained in a 10 litre water-bath to maintain the electro­

lyte at 35°c, the temperature at which the simulator operates. As a 

substantial amount of electrochemical work has been performed at 2s0 c 

an attempt to as,sess the effect of the 10 degree temperature difference 

on electrochemical · behaviour of specimens was made. This involved 

performing polarization plots in accordance with section 2.2.7(a) 

at both temperatures. Fig. 2.13 shows the polarization plots 

produced for the test alloys with pickled surfaces at 25°C and at 3s0 c. 

From Table 2.5 it can be seen that variations in current noted in 

Fig. 2.13, due to rise in the electrolyte temperature from 2s0 c to 35oc 

are of the same order as the statistical variations in curTent noted 

when plots were repeated at 35°C. 

TABLE 2.5 

0 0 
.Standard deviations of log current values at 25 C and 35 C, for 
polarization plots on the test alloys. 

Standard Deviations 

Alloy 

Pure iron 
SOD 
Carten 
43A 

of 4 polarization 
0 

plots; 2 at 35 C 
and 2 at 2s0 c 

0.04 decade 
0.21 II 

0.07 II 

o.oa II 

of 4 plots at 
at 3s0 c 

o.os decade 
0.04 II 

0.04 II 

0.06 II 

Values relate to curTents measured at potentials of l,0.875,0.75,0.625 
and 0.5 Volts neg. see. 
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Fig. 2 .13a Potentiostatic Polarization Data {Pure Iron) 
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Fig. 2.13b Potentiostatic Polarization Data (Alloy SOD) 

76 



Electrode 
potential 
V ;:.ve see 

0.5 

- -- -
0.75 

1.0 

Current 
-2 

density rnA cm 0.l 

' ' 

1.0 10.0 

Fig. 2 .13c Potentiostatic Polarization Data (Corten) 

77 



Electrode 
potential 
V ,.;,;re see 

0.5 

Current 
-2 

density mA cm 0.1 1.0 10.0 

Fig. 2.13 Potentiostatic Polarization Data (Alloy 43A) 

7R 



This suggests that temperature differences are not of prime importance 

in this set of results and that results obtained at 35°c bear 

comparison with those obtained at 2s0 c. 

As depicted in Fig. 2.12, aeration or deaeration of electrolyte within 

the glass cell is allowed for by a 6mm outside diameter glass tube, 
) 

passing into the lower regions of the flask through a P.V.C. gland 

in the neck of the flask cover. The lower end of the tube is drawn 

to a fine capillary to aid dissolution. A 6mm diameter-mercury-in­

gla::a-thermometer also passing through a gland in the flask cover into 

the bulk electrolyte, allows the sea water temperature to be measured. 

Connecting wires pass through a further 6mm glass tube located in a 

neck of the flask cover, to connect with external electronic control 

and monitoring equipment. f.ig. 2.14 shows the construction details 

of the platinum counter electrode located in one of the necks of 

the flask cover. 'Araldite' serves the dual purpose of holding the 

electrode to its locating shaft and masking the soldered joint which 

attaches the electrode to the electrode wire. The Luggin capillary 

shown in Fig. 2.12 was formed fro~ 6 mm glass tube shaped and drawn 

to a capillary tip. This cell was used for all electrochemical 

testing. Prior to and during exposure, the cell containing electrolytes 

was housed in the 'Perspex' cover of the water bath. Two potentiostats 

were used during the programme of work. For most of the work, a 

Wenking model 61/TR instrument was used, which produces an output 

current of up to lA. Potential scans were produced by a mechanical 

drive operating on the 'set potential' control of the potentiometer. 

Where possible, i.e. where the procedure did not induce instability 

in the polarization circuit, potentials were monitored to indicate 

malfunctions. 

Potential scans were produced on this instrument by the use of a 

mains operated electric motor connected to the shaft of the 'set 

potential' control resistor by a connecting shaf t; the body of the 

motor being located by a retort clamp and stand, in order to avoid 

rotation. Where smaller currents of only a few milliamps were 

required, a Princeton Model 174A potentiostat, with a variable-rate 

electronic-scan unit, was used. The instrument contained an electronic 

79 



CP 
C) 

Fi~. 2.14 

Flexible wire 

Glass support tube 

Counter Electrode 

Plat{nurn 
foit 

~A 

30mm x 40mm 

I 

- ::,,-A 
Section on A-A 



scanning unit which was used in this work. 

All potentials were measured against a saturated calomel reference 

electrode. Neither liquid junction nor temperature corrections were 

made under the conditions. The measured potentials were considered 

suitable for this comparative work(lOS? As electronic noise created 

by the Wenking potentiostat and by electrolyte motion was found to far 

exceed that due to the wiring system, screening of the apparatus was 

found to be unnecessary. Results from the Wenking potentiostat were 

continuously recorded on a Rikadenki DBE3 multi-channel chart recorder. 

An omnigraphic 2000 linear X-Y recor~er was used for recording work 

on the Princeton instrument. 

Air was bubbled through electrolyte by means of a mains ·operated 

aquarium pump at 10mm3 min.-l under a pressure of 5mm Hg, through a 

short length of 6mm bore P.V.C. tube to the glass air supply tube 
-1 described earlier. Oxygen levels of c.a. 7mg 1 (98% sat.) were 

produced by this apparatus after 10 minutes aeration. Air was 

supplied to electrolytes throughout all aerated tests. The same 

aeration tube was connected by a copper tube to a bottle of oxygen­

free nitrogen and a short length of P.V.C. tube used to connect the 

copper line to the glass tube. Oxygen levels prodµced in electrolytes 
-1 after 2 hours of nitrogen 'flushing' were found to below 0.9mg l as 

measured with the EIL oxygen measuring system described in section 

2.2.3. The nigrogen supply was not interrupted during the tests. 

(a) Potentiostatic polarization plots 

As stated earlier, the desired investigation of the aqueous 

corrosion properties of splash-zone corroded steels requires 

their removal from the splash-zone environment. The cell 
. 3 

described in the previous section, making use of c.a. 200cm 

of bulk electrolyte (synthetic sea water), is used in this work. 

Use of a thin film of electrolyte covering an electrode surface 

rather than of the bulk electrolyte technique employed here has 

been used in studies of atmospheric corrosion of low-alloy 

steels(qo). The following undesirable effects are common to both 

methods of testing, occurring whenever aqueous corrosion products 

of non-passive steels are exposed to aqueous electrolytes for 



extended periods of time:-

(i) The corrosion products, often highly porous, absorb the 
(59) 

aqueous electrolyte • One effect of such action is an increase 

in the conductivity of the corrosion product, resulting in less 

locally restricted corrosion reactions. 

(ii) Many atmospherically and synthetically-formed steel corrosion 

products have been shown to be ion selective. By exposing such 

compounds to multi-ionic electrolytes, such as synthetic sea 

water, selective ion pick-up, either anionic or cationic may 

occur. Depending upon the corrosion reactions and the particular 

ions .concerned, the corrosion prodess may be inhibited or 

accelerated(fi&, 57 ). 

(iii) Some dissolution of corrosion products may occur. In this 

case, it is clear that though the extent of such dissolution 

could be less under thin film electrolyte conditions than under 

bulk electrolyte conditions, due to the quantity of solvent 

available, the electrolyte can be expected to undergo a more 

significant change becoming saturated with dissolved corrosion 

product. As in the splash-zone specimens are cycled between 

total immersion .and thin film conditions, neither of the 

techniques discussed can be said to truly reproduce the splash-

. zone condition. 

The low resistance of _bulk electrolytes compared with thin films 

makes bulk electrolyte techniques easier to perform giving res•Il ts 

with better reproducibility. For this reason and for the 

GOmparative ease with which bulk electrolyte properties such as 

pH and oxygen content can be measured, bulk · electrolyte techniques 

were chosen for this work in preference to thin film methods. 

To supplement the polarization plots in aerated synthetic sea 

water of site specimens which give details of anodic and cathodic 

kinetics, comparisons were made .with polarization plots listed 

below, which, it was thought, could reveal something of the 

nature of splash-zone corrosion:-

82 



(i) Of the pickled base metal in aerated electrolyte. 

(ii) Of identically produced specimens in deaerated electrolyte. 

(iii) Of similarly produced corrosion products formed and 

tested on different base alloys in aerated electrolyte. 

(iv) Of laboratory simulation specimens produced on the same 

base alloy in aerated electrolyte. 

In addition, to gain more knowledge of the operation of the 

simulation process, deaerated electrolyte has been used for 

production of polarization plots relating to specimens produced 

in the simulation apparatus, for comparison with potentiostatic 

studies of (iv) above. 

h ' h f h ' . 0.0.6) f 1 11 Tomas ov s t eory o atmosp eric corrosion o ow-a oy 

steels suggests that the differences in corrosion rates caused 

by alloying with noble metals, and in particular with copper, 

are a factor of the as-exposed surface. He suggests that re­

deposition of such alloying additions on metal surfaces induces 

depolarization of the cathodic oxygen reduction reaction leading 

to passivation of anodic surfaces. Such effects could be expected 

to show up in polarization plots in terms of increas,d cathodic 

kinetics and ennobled corrosion potentials of resistaht alloys 

over pure iron. 

More effective stifling of both anodic and cathodic kinetics is 

caused by corrosion products accumulated.on weathering steels 

exposed to the atmosphere, than -by those similarly accumulated 

on mild steels. These effects, along with the ·variations in 

iuch effects with time, have been revealed in potentiostatic 

polarization plots performed on pre-corroded specimens in bulk 

electrolytes( 64 ,9i>. Okoda's comparisons of such polarization 

plots with identical plots produced in deaerated electrolytes 

indicate the degree to which oxygen is active in the corrosion 

process. The rate of oxygen reduction has been -shown to decrease 

as steels are subjected to longer periods of atmospheric weather­

ing(G4)_ While it is not the primary function of these tests to 

reveal correlations such as those Shlyafirmer found to exist . . . 

between the rest potential of scaled specimens and their corrosion 
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. (53) 
rate, in terms of weight~loss a general study of data has 

been performed to pick out such empirical relationships. 

Polarization· plots were produced using the Wenking instrument 

by scanning at 25QrnV Hr-l from c.a. 400mV anodic of the corrosion 

potential of a specimen in the electrolyte~ to c.a. 4-00mV cathodic 

of the equilibrium potential. This technique was adopted to 

minimise undue film reduction during polarization. Fig~ 2.15 

shows the system used with one channel of. the chart recorder being 

used to rnonhor the reference-to-working-electrode potential, 

while the other records the current applied to the working 

electrode in terms of the potential developed across a standard 

resistor. Deviations from linearity of the potential/time plots 

were found to indicate that the potentiostat was working beyond 

its limit; when this occurred, polarization was discontinued. 

The Solatron digital voltmeter with an input impedance in excess 

of 109Jl.. connected to measure the reference-to-working-electrode 

potentials was found to be more reliable than the potentiostat 

meter for measuring the pre-polarization corrosion potential of 

specimens. These potential variations gave an indication of a 

steady state condition being achieved by immersed specimens under 

test. All records of polarization plots were made to the same 

scale in terms of log (current density) vs potential to allow 

direct comparison of all plots. 

(b) Cathodic reduction 

The technique of cathodic reduction of corrosion products formed 

on steels has been shown to be capable of providing an estimate 

of the protective thickness of corrosion products, which has 

in relation to atmospheric corrosion, been found to correlate 
. . d (107) well with weight-loss ata • 

Many marine structures are cathodically polarized during opera­

tion. In the particular case of steel exposed to the surface 

sea waters, Humble has shown the high oxygen aetivity to be 

capable of causing them to become cathodically polarized with 

d 1 . f th . · ( 85 ) respect to the less aerate ower regions o e marine environment • 

In addition to this natural cathodic protection, structures are 
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polarized in order to provide protection against corrosion. 

Should the protection against corrosion offered by a particular 

steel be broken down by cathodic polarization, its use in the 

construction of sea-water structures could be restricted. For 

this reason the use of the galvanostatic cathodic reduction technique, 

though noted as producing questionable results when applied to 

1 d h 1 . d h . . k "f · d ( 49 ) stee s an w en app ie tot ic, non-uni orm corrosion pro ucts , 

was used. When performed at suitably low current densities, the 

technique has been shown capable of revealing the chemical 

nature of oxides of iron constituting corrosion products by 
. . 64 108 109 )· revealing preferred reduction .potentials ' ' • The example 

of Legault was followed in these procedures and so a high 

t d "t of lmA cm-2 . d t d 1 t lyt . d(lO?) curren ensi y in eaera e e ec ro e was use ; 

At this current density the technique provides only an estimate 

of the protective nature of the corrosion products. The high 

current density results in traces of oxygen having only a 

minimal effect on results. As the more plausible theories of 

aqueous corrosion, discussed in section 1, regard the protective 

nature of the corrosion products _ (a function of their chemical 

and physical nature) as a major factor in the corrosion process, 

it was considered that the time taken for a galvanostatically 

cathodically polarized specimen to reach the potential of the 

hydrogen evolution reaction, also a function of both the physical 

and chemical properties of the corrosion products, could be used 

as a guide to the splash-zone corrosion resistance of an alloy. 

The Wenking potentiostat, in conjunction with the glass cell 

containing deaerated synthetic sea water, as outlined earlier, 

was arranged for galvanostatic reduction as depicted in Fig. 2.16. 

As it was not possible to apply the reduction current directly 

the specimens to be reduced were placed in the electrolyte, and 

5 minutes equilibration time was allowed to elapse after placing 

desiccator-stored specimens in the cell before the current was 

applied. The masking technique applied to specimens prior to 

reduction was as described in section (a) above. Cathodic 

reduction took place for 120 minutes, provided the hydrogen 
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reduction potential was attained within this periocl. Some of 

the more protective corrosion products required longer reduction 

times. 

(c) Polarization resistance 

The possible changes in the surface layers of splash-zone 

corroded steels due to immersion in synthetic sea water for 

extended periods, have been discussed in part (a) of this 

section. The technique of polarization resistance measurement 

has been successfully used to estimate the corrosion resistance 

of alloys with clean surfacesUl~ and with painted surfacesUll). 

Though it has been attempted( 73 ), the technique does not appear 

to have been so successful on corroded alloys. 

The original work on polarization resistance by Stern and Geary(ll2 ) 

developed the theory for metals corroding under single anodic 

and cathodic reactions. Their treatment of the subject required:­

(i) that both reactions be activation controlled at the corrosion 

potential of the system, 

(ii) that the reversible electrode potentials for the two 

reactions be far removed from the corrosion potential, and 

(iii) that anodically and cathodically active areas of surface -

be equal. 

Under these conditions, it was suggested that the pseudo­

resistance measured by polarizing electrodes marginally from 

their corrosion potential (c.a. lOmV) was inversely proportional 

to their corrosion rate. In order to avoid the complications 

due to concentration polarization, potentiodynamic scan techniques 
(113) have been developed • For corroded steels resistance 

polarization due to corrosion products could be expected to 

play a significan~ role in the corrosion behaviour. Pulse 

techn~ques, used to measure interface resistances, could 

possibly be adapted to measure the resistive effect of corrosion 
(40) 

products • 

A lack of knowledge of the specific reactions taking place at 

and around corrosion potentials and of the actual areas supporting 
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the anodic and cathodic reactions could not be overcome by 

designing a system capable of overcoming resistance and 

concentration effects. For these reasons, it was decided that 

the simplest available technique, that of slow potentiostatic 

scans through the corrosion potential, should be adopted and 

attempts to analyse the major weaknesses of the technique made. 

Derivations, outlined in Appendix A, have been produced in an 

attempt to assess the possible effects of corrosion products on 

the polarization resistance of steels. Three cases are outlined 

relating to specimens under:-

(i) Activation controlled corrosion. 

(ii) Activation controlled corrosion with substantial resistance 

effects. 

(iii) Various degrees of diffusion control of the anodic and 

cathodic reactions. 

In all three cases it has been assumed that:-

(i) only single anodic and cathodic reactions exist in the 

system, 

(ii) the rest potentials of the reactions are sufficiently 

far from the corrosion potential for reverse reactions to be 

ignored, and 

(iii) currents are proportional to current densities with the 

same constant of proportionality holding .for anodic and cathodic 

reactions, i.e. anodic and cathodic areas are independent of 

currents. 

From the polarization data obtained, the validity of suppositions 

(i) and (ii) can be ascertained. The degree .to 'which supposition 

· ( iii) holds cannot be so readily assessed. -Stern considered 

b d . h d. (111.+) all areas of .corroding surfaces to e ano ic or cat o ic , 

while Wagner and Troud considered all areas to be both anodic 
c11s) h . (43') d .d .d (88) and cathodic • In both atmosp eric an mi-tie 

corrosion of metals, local anodic and cathodic areas appear to 

·be present, limiting the validity of the treatments of linear 

polarization provided in Appendix A by allowing changes in 

anodic and cathodic areas to occur, both during polarization and 
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from specimen to specimen, thus providing a further variable to 

be considered. No attempt has been made to estimate such 

changes, though the polarization plots may form a basis for 

such an attempt. 

Though the actual changes in anodic and cathodic areas produced 

by lOmV polarization may be small, it is rates of change of 

areas with potential which have to be considered. These, of 

course, may be significant. 

Measurement of linear polarization resistance was made using 

the electro·nic scan potentiostat in conjunction with the glass 

polarization cell, along with Solatron digital voltmeter· and 

the X-Y plotter. The masking and subsequent preparation proced­

ures for ·production of the potentiostatic plots described in 

part (a) of this section were followed. The electrolyte used 

was aerated synthetic sea water and the system used for producing 

the plots was that outlined in Fig. 2.17. 

The voll'-meter connected across the working and reference 

electrodes was used to indicate specimen potentials, allowing 

identification of steady state conditions reached by immersed 

specimens. At a potential scan rate of O.lmV sec-1 , specimen ­

potentials were potentiostatically varied from lOmV noble 

of the steady-state corrosion potential (E corr) to lOmV base 

of E corr. 

This scan was immediately followed by an identical but reverse 

20mV scan back through E corr producing the potential vs time 

relationship outlined. · After approximately 1 minute 

the cell was disconnected from the instrumentation _and ~·external 

p(')larization thus discontinued for c .:.a. 2 minutes before the scan . 

procedure was repeated. This repetition allowed the reproducibility 

of linear polarization plots to be estimated. From the differences 

between supcessive plots, it was hoped to be able to gauge 

damage to specimens produced by polarization, such as scale 

fracture or dissolution • . From the two successive plot cycles 

of current against potential produced on the X-Y plotter for each 

specimen, four values of (dE) were established. 
di 

i=o 
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After removing specimens from the cell, their exposed areas 

were checked to ensure that no masking lacquer had been 

removed by the process. This was done by viewing under an 

optical microscope. Between plots, both the cell and the 

associated electrode system were rinsed in dilute hydrochloric 

acid and de-ionised water. The ,Luggin capillary was refilled 

for each polarization operation in an attempt to avoid electrolyte 

contamination. 

2.2.8 Optical Microscopy 

As film thickness and, more specifically, void-free film thickness 

has been revealed to be a significant factor in the enhanced atmospheric 
. . f ·1 . 11 1 ( 5B) • "d d corrosion resistance o ow-a oy stee s , it was consi ere necessary 

to make an · assessment of the thickness and structure of rusts formed 

on the various specimens. Both Lagaultuo7) and Singhania( 9l) suggest 

a _period of approximately four months before atmospherically exposed 

steels form coherent rust layers capable of significant stifling of 

the initial corrosion reactions. Long term changes in the protective 

nature of rusts . formed by atmospheric exposure of low-alloy steels 

have been noted by Okada after 5 years, using optical microsc~pic 
. (64) 

techniques • . It appears that after this period of time, a truly 

duplex rust can be observed on weathering steel surfaces, though the 

oxides remain mixed and less protective when formed on mild steels, 
) 

even after such extended periods of time. Polarized light techniques 

were used by Okada to ease the distinction of different constituents 

of corrosion products, with a degree of succes~. 

There is general agreement that as exposure time increases, rust 

layers thicken and become compact, eventually becoming the controlling 

factor in the corrosion rate .of the metallic substrate. The significance 

, of the corrosion products formed initially, .in determining the 

mechanism by which corrosion proceeds has not been studied in depth 
. (43 58) until recently ' • The fact that loose and local corrosion 

products are not rate controlling does not mean that they are 

ineffective with respect to long term corrosion rates. 
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Over the past decade, the scanning electron microscope has proved. 

to be an effective tool in the study of scales formed on corroded 

steels. It can be used for examination of cracking, spalling and 

porosity of thick rust layers as well as the physical appearance 

f . . . 11 f d 1 ( 43 ' 63 ) O 1 . . 1 . h o initia y orme pustu es • n y optica microscopy as 

been used in the work outlined here in an attempt to differentiate 

between consolidated crack-free ., rust layers and thicker, rougher, 

less-protective specd.es. More detailed work requiring a quantitative 

assessment of the physical characteristics of corrosion products could 

necessitate the use of electron microscopy, but as stated earlier, 

this work is being performed to identify any significant differences 

in corrosion processes on low alloy steels compared with those 

taking place on .mild steels. In the case of the atmospheric tests, 

such differences have been shown to exist on a scale suitable for 

d b 
. . . (63,64) . 

stu y y optical microscopy • 

Okadais use of polarized light techniques is reputed to be capable 
(64) -

of differentiating between different steel corrosion products • 

This· te~hnique has been used here as differences in the behaviour of 

steels covered with duplex and with mixed macrostructural . oxide 

layers, as discussed in section 1, appear to be significant ·factors 

i~ the controlling of lo~g term atmospheric corrosion rates. 

Site test specimens for optical microscopy were mounted 

in 'Araldite', carefully sectioned using a hand-saw and polished on 

successively fine~ abrasiy~ papers. Pre-mounted specimens, after 

exposure in the simulator, were covered with 'Araldite' prior to 

being sectioned and ground in the manner described above. For all 

specimens the procedure was followed by washing under deionised water 

and drying with acetone. Final drying was performed in a stream of 

hot air. Polishing was then performed on 6 and 3pm diamond wheels, 

.the washing and drying technique ~eing used after each pollshing 

in an attempt . to avoid transfer of abrasives from one wheel to the 

next and to provide a clean surface for microscopic observation. 

For viewing under the optical microscope, the prepared specimens were 

attached with 'Blu Tack' to microscope slides for sectioned examination. 

A 'Polaroid' EDlO camera attached to the optical microscope was used 

to record details of observed surfaces. 
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In an attempt to differentiate between different oxides present in 

the rust layers, illumination with plane polarized light and observa­

tion through a polarizing analyser was used. The technique was based 

on that due to Okada(G4 )_ As no additional filters were used the 

colours produced in the photographs differed from those observed 
. · · · . (116) 

through .the eye piece of the microscope • 

In general, better differentiation of the different oxides resulted 

by using the polarized light technique but assessment of optical 

activities of oxides was not found to . be possible. 

2.2.9 Electron .Probe Microanalysis 

A number of techniques have been used in order to assess the manner 

- in which minor elements, either alloying additions or environmental 

contaminants, present in steel corrosion products are distributed 

through their· depth ( 54 ; 63 ). In tpis connection, the electron probe 

microanalyser, an instrument capable of 1dentifying the majority of 

elements,though not of their chemical state, has been used. 

Theories of atmospheric corrosion of copper bearing steels can be 

categorised in terms of the distribution of copper and associated 

elements through corrosion products, which may be revealed by eiectron 

probe microanalysis. 

Tomashankov's theory suggests a build-up of copper at oxide to metal 

interfaces, causing depolarization of the oxygen reduction reaction 

· · R ( 55 ) dB <52 ) b h f" d h" h h . and passivation • . oss an runo ot in ig sulp ur 
. uom levels at the interface of steel surfaces but do not provide an 

explanation of their findings. Larrabee's theory of CuS formation 

reducing the deleterious effects of sulphur or MnS; predicts locally 

high copper and sulphur levels(ll 7) while Copson's basic sulphate 

theory predicts uniform levels of copper and sulphur in the form of 

a pore-blocking basic sulphate, through a substantial portion of the 
. • (42) 

oxides formed on the copper-bearing steels • 

The part of sulphur in marine ~orrosion is not well documented. The 

ability of chlorine to perform a :•similar role to the atmospheric 

role of sulphur is not known. Electron probe microanalysis was under­

taken in an attempt to gain an insight into the relevance of these 
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atmospheric theories to the form of marine corrosion under i _nvestiga­

tion here. 

Specimens for analysis were prepared as for optical microscopy. In 

order to stop surface change accumulation on the 'Araldite' mountings 

deflecting the probe's electron beam, carbon was vacuum deposited on 

the surfaces using an A.E.I. vacuum coating unit. · Carbon paste, 

applied by brush, was used to provide a conduction path between the 

specimens and the probe's metallic specimen holder. 

A Cambridge Instruments Mark II electron probe microanalyser was 

used to scan through the oxide scale from the specimen mounting resin 

to the metal substrate, in an,attempt to identify the elements known 

to be present in the alloys. The presence of sulphur and chlorine 

thought to be significant elements in the various environments, 
. . 1 . . d(l+ 2 ) I f . h h was similar y investigate • n per orming t e scan, t e 

following procedure was followed:-

(i) The mounted specimen was placed in the probe chamber and 

the chamber then evacuated. 

(ii) Using the probe's optical microscope, suitable areas of 

the specimen were aligned for analysis. (Poor adherence of 

corrosion products resulted in much of the specimen surfaces 

being unsuitable for analysis.) 

(iii) A suitable frequency for the detection of the excited 

electron states of iron was chosen well removed from frequencies 

due to other elements present and the instrument turned to it. · 

(iv) A chart recorder was connected to the probe detector 

output allowing the amount of iron present to be measured during 
. -1 

a ·3C)u m min • scan. 

Steps (iii) and (iv) were repeated for the other elements under 
( 

consideration. 
I... 

On completion of the scan, the chart recorder plots were calibrated 

using known standards for the elements detected. As the standards 

are stored in·the probe chamber, re-aeration was not necessary until 

the calibration scans had been completed • 
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In order to allow comparisons to be made between the distribution of 

the various elements comprising scales, throughout their depth, 

plots of element concentrations were produced on common depth axes. 

Different concentration scales were employed for the plots of the 

different elements as some concentration levels, such as those of 

iron, were orders of -magnitude higher than those of other elements, 

such as copper. 
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3. 

3.1 

RESULTS AND OBSERVATIONS 

Specimens with Pickled Surfaces 

3.1.1 Potentiostatic Polarization Data Obtained in Aerated Electrolytes 

Typical polarization data for the various alloys under eonsideration 

in this work are shown in Fig. 3 .L .. The data is displayed in semi­

logarithmic form, with log (current density) plotted against electrode 

potential. At potentials more than 50rnV base of specimen corrosion 

potentials Fig. 3.1 reveals two separate quasi-linear regions. One 

region extends over the range from 50rnV to 25OmV cathodic of specimen 

corrosion potentials, and is characterised by a gradient of the order 

of 1.5V per decade. The more-cathodic region relates potential to 

log (current density) with a gradient of around lBOmV per decade. 

The form of the more noble of these two cathodic regions is that to be 

expected when a diffusion controlled reduction is the preferred 

cathodic reaction, while the more base cathodic region is of Tafel 

f ' d. . . . ( 31 ) All h . . orm, in icating activation control • t e polarization plots 

produced are of a similar form. Direct reproduction of the plots 

does not reveal a great amount about the electrochemical behaviour of 

the metals in the various states of corrosion. The data has been 

processed and the following functions of polarization plots identified 

as relevant to the corro_sion processes: -

(i) Corrosion currents obtained by anodic and cathodic Tafel 

extrapolation. 

(ii) Corrosion potentials (zero nett current potentials) 

(iii) Estimates of limiting oxygen diffusion currents 

(iv) Tafel slopes (anodic and cathodic) 

(v) Estimate of resistance causing IR polarization 

(vi) Cathodic slope in the oxygen diffusion regions. 

These aspects of the polarization data for the four metals under 

consideration are contained in Table 3.1. In terms of the cathodic 

behaviour revealed in the polarization data, specimens of pure iron 

and of alloy 43A show marked similarities to one another. Specimens 

of SOD and Corten also show marked similarities to one another. 

Polarization data for the latter pair differ from that for the former 

only in that they show a shift to a higher current region. At its 

maximum the current density relating to the Corten alloy exceeds 

that relating to pure iron by a factor of 1.2. 
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TABLE 3 .1 

Polarization Behaviour of Clean Metal Surfaces in Aerated Electrol_yte. 

METAL SOD CORTEN 43A PURE IRON 

Corrosion 
~anodic 0.30 0.16 0.10 0.13 mA 

current cathodic 0.14 0.16 0.11 0.18 mA 

CoITosion potential 0.660 0.700 0.690 0.655 mVsce 

Diffusion current 0.008 0.014 0.005 0.003 mA 

Tafel 
~anodic 40 60 60 40 mV decade per 

slope cathodic 200 190 180 190 mV per decade 

Surface resistance 2.5 4.5 3.0 6.0 ohm cm2 

E/log(i) l 
for small 2000 1300 750 3000 mV per decade 
cathodic current 

No Tafel region is revealed in the anodic polarization relationships 

obtained for the four metals and detailed in Table 3. l. . Within 30mV 

of corrosion potentials the joint effects of equipment noise levels 

(of the order of the signals being measured) and of cathodic currents 

make significant contributions to the anodic portions of nett current 

curves and can be expected to mask Tafel behaviour. At more noble 

potentials other effects,possibly associated witb· coverage or filming 

of specimen surfaces, appear to produce anodic polarization. This 

effect results in masking of Tafel behaviour, especially at more 

noble potentials. 

An initial attempt to isolate the effects of individual anodic and 

cathodic reactions was made. This involved extrapolation of the 1.5V 

per decade region of cathodic plots to corrosion potentials in the 

manner outlined in Fig. 3.2. Provided the non-linearity in the 

region of the corrosion potential is. due to. the anodic reaction, the 

current i 1 indicated by this extrapolation can be expected to 
( 40) 

approximate to the corrosion current • As anodic and cathodic 

currents are of equal magnitude at the corrosion potential, it was 

assumed that the unmasked anodic polarization plot should relate i 1 
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to the corrosion potential. To gain a first approximation to the 

activation controlled behaviour noted by other workers to be exhibited 
• · ·1 ( 54 ) .. T f l 1 · d l h. in s1m1 ar systems , anoa1c a e 1nes were constructe t 1roug 

the point with co-ordinates (i1, E corr) and tangential to the measured 

polarization plots. The construction is shown in Fig. 3.2. Such 

constructions indica~ed a wide spread of Tafel slopes, ranging from 

46mV per decade to 87mV per decade for the various metals. 

As large deviations from Tafel behaviour at high current densities 

can indicate anodic resistance polarization, theoretical plots based 

on a range of Tafel slopes and of anodic surface resistance values were 

pr·oduced. These theoretical plots were matched to portions of anodic 

polarization plots relating to potentials more than 30mV noble of 

corrosion potentials. From this exercise it appears that a Tafel 

slope of 40mV per decade combined with resistances of up 2 to 5 ohm cm 

predict behaviour very similar to that noted experimentally. It is 

quite possible that the surfaces of specimens suffer changes during 

polarization. No attempt has been made to make an exact analysis of 

specimens in terms of activation and resistance effects, as the 

values of such prooe<lures could be expected to be reduced by changes 

in surface conditions brought about by polarization. 

It would appear from this analysis that activation diffusion and 

resistance effects can be used to explain polarization data produced 

in this work. Based on such an analysis, anodic Tafel slopes of 40mV 

per decade, cathodic 

corrosion currents of 

capable of describing 

synthetic sea waters. 

Tafel slopes of 180mV per decade, diffusion and 
-2 2 500pA cm and resistances of 3 ohm cm appear 

the behaviour of specimens polarized in aerated 

It is upon this analysis that the details 

contained in Table 3.1 are based. 

3.1.2 Potentiostatic polarization in deaerated electrolyte 

Typical of the plots of current against~time produced by potentiostatic 

polarization of freshly pickled surfaces in synthetic sea waters are 

those reproduced in Fig. 3.3. This data is displayed in the same 

form as that in Fig. 3~1 relating to aerated electrolytes. At 
-2 

current densities in excess of 50pA cm , where noise levels are not 

significant, cathodic data follows Tafel behaviour. Cathodic slopes 
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differ little from those noted in aer.ated electrolytes, being of the 

order of 180mV per decade. 

Both pure iron and SOD exhibit almost identical behaviour, while 

cathodic plots for Corten and 43A are shown displaced to higher current 

densities by as much as 0.7 of a decade (a factor of 5). Aside from 

marginally more cathodic corrosion potentials, the anodic portions 

of polarization plots follow the pattern outlined in .section 3.1.1. 

Activation and resistance polarization significantly influence nett 

polarization behaviour. Though Tafel slopes of the order of 40mV 

per decade fit the results outlined here, specimens in general appear 

to suffer a greater degree of resistance pol&rization · (up to 7 ohm cm2 

in some cases) than those polarized in aerated synthetic sea water. 

These values, shown in detail in Table 3.2, are gained from the curve 

comparison procedure outlined in section 3.1.1. Extrapolation of 

Tafel regions to corrosion potentials suggests that corrosion currents 

are of the order of lOµA cm- 2 under these conditions. Corrosion currents 

in aePated electrolytes greatly exceeded this value. 

TABLE 3.2 

Polarization behaviour of clean metal surfaces in deaerated electrolyte 

METAL SOD CORTEN 43A PURE IRON 

Corrosion 
~anodic 0.06 0.06 0.03 0.02 mA -2 

cm_ 2 
current cathodic 0.008 0.02 0.005 0.008mA cm 

Corrosion potential --700 -:-720 -730 -700 mV see 

Tafel 
~anodic 40 45 55 60 mV per decade 

slope cathodic 150 200 120 145 mV per decade 

2 
Surface resistance 3.5 6.0 2.0 7.0 ohm cm 

3.1.3 Polarization resistance 

It was noted that the potentiostatic plots relating to specimens 

polarized in accordance with section 2.2 possess a significant 

curvature throughout the 20mV range over which theyr ·were plotted. The 

curvature was found to differ <leper.ding on whether corrosion potentials 
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were scanned from anodic to cathodic potentials or from cathodic to 

. anodic potentials. A typical potential scan is detailed .in Fig. 3.4. 

In general sets of curves such as these were found to be remarkably 

symmetric and values of the zero current slopes were not affected by 

the direction in which scans were performed. In cases where slight 

differences were noted the arithmetic means of the slopes relating to 

plots performed in the different directions were taken as true 

l . . . l (126) po arization resistance va ues • 

Table 3.3 contains the polarization resistance data relating to freshly 

pickled specimens. From this data it can be seen that the polarization 

resistance relating to alloy SOD and that relating to Carten are 

similar. They are of the order of twice those relating to alloy 43A 

and pure iron. Repetition of polarization scans suggests that resist­

ance values can be reproduced within 1S%. From this data it would 

appear that polarization resistance values for alloys SOD and Carten 

are significantly greater than those relating to pure iron and 43A. 

TABLE 3.3 

Polarization resistances of clean metal:• surfaces 

Alloy Polarization 
Resistance 

SOD 196 ohm 
2 

cm 

Carten 203 II II 

43A 126 " II 

Pure Iron 98 II " 

3.2 Coastal Site Exposure 

3.2.l Weight-loss and pit depth measurements 

From the weight loss values obtained in the manner outlined in section 2 

it is possible for specific periods at specific locations to place 

the alloy~ exposed to the environment in order of resistance to 

corrosion. For all the test materials but pure ±ran, changes in the 

alloy corrosion rate with time have been revealed by the retrieval 
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of batches of tests alloys at monthly intervals. Fig. 3.5 shows the 

variations in mean corrosion rates of alloy 43A, 50D and Carten, 

over various periods of time from l to 6 months after initial exposure 

on 20th March 1977. Table 3.4 contains all the weight-loss and pit­

depth data obtained at the coastal site. After 6 months' exposure 

mean corrosion rates .noted for the alloys are all within 0.025mm yr-l 

of 0.575mm yr-1 • This figure is significantly higher than those 

relating to the first months of exposure of any of the materials 

under test:. . 

Two factors play significant parts in the variations of corrosion 

rates with time. These factors are the changes in metal surface 

condition produced by the corrosion process and changes in the enviro~­

ment due to meteorological changes and the like. By exposing specimens 

for a single month in late summer it was shown that seasonal variations 

do have an effect on corrosion rates, as these tests reveal late 

summer corrosion rates to be of the order of half those relating to 

the specimens exposed for a single month in the early spring. 

In an attempt to understand the manner in which corrosion rates vary 

with time, they are displayed graphically in Fig. 3.6 in terms of 

mean thickness loss experienced during each single month's exposure. 

These values were obtained from the difference between successive, 

cumulative values of the mean thickness loss, displayed in Fig. 3.5. 

With the results of weight-loss tests plotted in this manner it can 

be seen that maximum rates of corrosion are experienced by all three 

alloys tested, around the July (month 4) period. Carten specimens 

appear to be the most severely affected by the seasonal changes, 

exhibiting a higher corrosion rate than any of the other alloys 

around July and lower rates around the April and September periods. 

Though both alloy 50D and 43A follow similar corrosion rate patterns 

to Cort en, neither reaches the same extremes of either corrosion or 

corrosion resistance. 

The batch of specimens exposed in September for a single month included 

pure iron specimens, for which weight-loss analysis indicated a lower 

rate of corrosion than either that experienced by Carten or alloy 43A 

over the same period. During both single month exposure periods 
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relating to freshly prepared specimens, those .of alloy 43A corrode:d 

at a rate 20% greater than those of Carten. As Figs. 3.5 and 3.6 

indicate, standard deviations relating to the various weight-loss 

data are of the order of the separation between the corrosion rates 

of the various alloys. This indicates that statistical variations 

in corrosion rates are of the order of those brought about by the use 

of different alloys. It would appear from these results that changes 

in corTosion rates due to seasonal variations may be much greater 

than those due to differences in alloy composition. Such behaviour 

is indicated by the difference between data relating to the two 

batches of freshly pickled metals exposed for a single month. 

The mean values of two sets of pit-depth measurements relating to each 

site exposure period and each metal are tabulated in Table 3.4 and 

displayed graphically in Fig. 3.7. From the graphical representation 

of these data it would appear that all the alloys behave similarly, 

with pit growth rates decreasing as exposure times increased. The 

spread of results does not allow the behaviour of any of the alloys 

under test to be separated out from that of the others. 

TABLE 3.4 Coastal Site Weight-loss and Pit-depth Data 

Mean corrosion rates (wE yr-1 ) with total pit-depth in brackets. 

Exposure Period SOD Carten 43A Pure Iron (months) 

1 0.54 (0.033) 0.43 (0.038) 0.57 (0 . 032) --
2 0.41 (0.056) 0.33 (0.054) 0.45 (0.053 --
3 0.55 (0.067) 0.44 (0.071) 0.63 (0.070) --
4 0.64 ( 0. 091) 0.60 (0.088) 0.68 (0.084) --
5 0.58 (0.098) 0.66 (0.102 0.56 (0.093) --
6 0.60 (0.098) 0.56 (0.103) 0.59 (0.109) --
1 (late summer) 0.26 (0.041) 0.30 (0.032) 0.25 (0.033) 
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No seasonal variations are apparent in the data relating to pit depths made 

during the 6months 1exposure period. The results relating to the 2 single 

months exposure periods suggest that Carten may be more prone to pitting 

when exposed in late summer than when exposed in March. As small 

pit-depths are produced after only a single month's exposure high 

percentage errors result and data relating to these early stages of 

pitting do not allow definite conclusions to be drawn. A small pit 

depth value relating to pure iron subjected to 1 month's exposure 

is also revealed in Table 3.4, but as noted above, the spread of 

results does not allow definite conclusions to be drawn. 

3.2.2 Polarization data produced in aerated electrolytes 

In Fig. 3.8 typical polarization plots relating to specimens subjected 

to 1, 4 and 6 months exposure at the coastal site are reproduced in 

the form adopted in section 3.1.1, where polarization data relating 

to as-exposed surfaces is reported. Polarization data relating to 

exposed specimens differs from that relating to freshly pickled surfaces 

in the following ways:-

(i) Anodic portions of polarization plots reveal greater 

degrees of anodic polar·ization on steel specimens which have 

been subjected to weathering than on those with freshly pickled 

surfaces. 

(ii) Cathodic portions of polarization plots indicate a greater 

degree of cathodic depolarization on steels which have been 

subjected to weathering than on those with freshly pickled 

surfaces. 

(iii) Weathering has the effect of raising or· ennobling corrosion 

potentials. 

After 1 month of exposure plots produced reveal both diffusion and 

activation controlled cathodic reactions. The onset of the activation 

control also noted in the plots relating to freshly pickled surfaces 

occurs at around 300mV base of the corrosion potentials and has a Tafel 

slope of around 180mV per decade. In general plots relating to 

specimens exposed for 4 or 6 months do not show signs of the activa­

tion controlled cathodic reaction, though the plot relating to a 

specimen of alloy SOD after 4 months~- exposure produced a deviation 

at the cathodic limit of the equipment. This effect could indicate 
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an activation controlled reaction. The deviation could not be 

reproduced. The data in Table 3. 5 relates to the p,Harization charac­

teristics of the various specimens and is displayed in the manner used 

in the previous section. 

TABLE 3.5 

Polarization behaviour of site exposed specimens in aerated electrolyte 

SOD Carten 43A Pure Iron -
Exposure Time 6 4 6 4 l 6 4 l 1 (Months) 

---
Corrosion 

\anodic 0.4 0.05 0.3 0.2 0.2 0.1 0.04 0.25 0.1 mA -2 cm_ 2 current ?cathodic 2.0 0.5 1.0 0.7 0.6 0.8 0.9 0.6 0.1 mA cm 

Corrosion potential -595 -520 -575 -560 .-625 -495 -520 -575 -614 mV see 

'. 

Tafel ~ . 
1 60 anodic 60 40 40 40 40 20 20 40 mV per decade 

Slope cathodic 
·' 

900 1500 1250 1050 880 )00 1070 860 900 mV per decade 

Surface 
l'esistance . 5 .o 25.0 1.0 0.5 6.0 25.0 50.0 3.0 10.0 ohm cm2 

After l month's exposure the pure iron specimens showed significantly 

less cathodic depolarization relative to the parent alloy (indicated 

by the low cathodic estimate of the corrosion current) than did either 

the Carten or 43A specimens relative to parent materials. The differ­

ences in the anodic polarization plots produced after 1 month's exposure 

of pure iron are similar to those produced relating to a single month's 

exposure of alloy 43A or ·corten. Repetition of a number of polariza­

tion plots revealed that corrosion potentials could be reproduced to 

± 15mV. The results of such tests were not statistically analysed and 

no general trend of corrosion potentials with related exposure times 

was revealed by the results. 

In general the maximum degree of anodic polarization was produced in 
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plots relating to specimens exposed for 4 months, with ·the single month1' s 

exposure producing the least anodic polarization. Differences in 

cathodic behaviour are not revealed so well in the polarization plots 

as all polarization tests on exposed specimens produced similar data. 

For specimens of alloy 43A, SOD and Corten, exposure for 6 months resulted 

in a higher degree of cathodic depolarization than exposure for shorter 

time periods. 

3.2.3 Potentiostatic polarization data produced in deaerated electrolyte 

In Fig. 3.9 the polarization data for specimens potentiostatically 

polarized in deaerated synthetic sea water is displayed in the manner 

used in section 3.1.1. 

TABLE 3.6 

Polarization behaviour of site exposed specimens in deaerated electrolyte 

SOD Corten 43A Pure Iron 

I E:>cposure 
(month~) 

Time 6 4 6 4 l 6 4 l l 
r--.. ~ 

Co!'r . -2 0s1.on 
~anodic 0.4 O,lC 0.1 0.2 0.1 0.08 0.03 o. 25 0.2 mA cm 

cui:-l'ent cathodic 1.3 O·. 5 0.5 0.9 0.2 1.5 0,6 0.40 0.35 mA cm -2 

· Col'l>Qs ion potential -580 -500 -550 -605 -640 -555 -560 -570 -600 mV see 

?afel ~ 
sa_ anodic 40 60 40 40 40 40 60 40 60 mV per decade 

ope 1600 900 1500 700 1000 1100 1300 1000 1200 mV decade cathodic per 

8U.t-face 
~e . 

s1.stance 15 20 45 10 2 45 40 15 7 6 ohm cm 

Details of the polarization data are outlined in Table 3.6. In general 

exposing specimens to the test environment has three effects which 

become apparent when polarization data is displayed in the semi­

logarithmic form. These are the following:-
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(i) Corrosion potentials are significantly raised to more 

anodic potentials than those of the freshly pickled parent alloys. 

( ii) Anodic reactioJlS become more highly polarized. 

(iii) Cathodic sections of polarization plots are changed 

significantly. Though they still appear quasi-linear when plotted 

in semi-log. form, gradients of close to 1 V per decade are 

displayed after exposure. This is much greater than the lBOmV 

per decade relating to specimens prior to exposure. Extrapola­

tion of cathodic plots to obtain estimates of corrosion currents 
-2 . 

produces values of 0.1 to l.OmA cm compared with estimates 
-2 of corrosion currents of less than lOJIA cm produced by use of 

the same technique on 'as-pickled' alloys. 

In general the polarization plots produced after a single month's 

exposure resemble those obtained from data relating to similar .polari­

zation in aerated electrolytes (i.e. they are of the form outlined in 

Fig. 3.8). These similarities also hold true after 4 and 6 months' 

exposure periods to a limited extent. In the case of alloy son, 
the corrosion potential, though ennobled by exposure is not further 

enabled by extending the exposure period from 4 to 6 months. This 

behaviour was noted in the aerated electrolyte. Though slight 

depolarization of both the anodic and cathodic reactions was noted 

when SOD exposure times were increased from 4 to 6 months, this was 

not to the extent noted for the alloy in aerated electrolyte. Data 

for alloy 43A is .displayed in Table 3.6. Both them month exposure 

data and that relating to specimens subjected to 4 months exposure 

differ insignificantly from the relative behaviours noted in the 

aerated electrolyte. After 6 months exposure the behaviour differs 

from that produced in the aerated electrolyte as the extents to which 

depolarization of the two reactions takes place differ. No significant 

changes in corrosion potential is revealed by this extension of the 

exposure period, though a marked ennoblement was noted in aerated 

electrolyte behaviour. This suggests that it is the oxygen reduction 

reaction which is depolar·ized by extended exposure. 

Details of polarization plots produced in the deaerated electrolyte on 

exposed Corten surfaces are contained in Table 3.6. After 1 month's 
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exposure the specimens show a generally more polarized behaviour in 

the deaerated than in the aerated electrolyte. Corrosion potentials 

are seen to be the same in the two cases. After 4 months'exposure, 

cathodic plots show the same degree of depolarization as those produced 

in aerated electrolytes, though the anodic polarization produced in 

aerated electrolytes·after 4 months site exposure is not reproduced 

in the deaerated electrolyte. The specimen ex-posed for 6 months' 

produces the greatest anodic polarization and as the cathodic kinetics 

do not change significantly with time, the more ennobled corrosion 

potential. 

Table 3.6 also contains data relating to the polarization behaviour 

of pure iron in the deaerated electrolyte and reveals no significant 

difference from the behaviour• in the aerated electrolyte. The main 

effect of the 1 month exposure, gauged by comparison with the plots 

produced on the fresh pickled metal surfaces, appears to be a substantial 

degree of cathodic depolarization over the more noble 300mV.of the 

cathodic plot, along with a slight amount of anodic polarization. The 

changes produced a substantial ennoblement of the corrosion potential. 

3.2.4 Cathodic reduction 
-2 When cathodically polarized at a constant current density of lmA cm 

specimen potentials changed with time. Initial potentials of around 

-0.6 V see were produced, with final potentials of around -1.1 V see 

not Leing exceeded, even after extended reduction times. The actual 

potentials -involved varied from specimen to specimen. 

Reduction times were taken as the times required for specimen potentials 

to reach -1.06 V see • . This potential was chosen after analysis of 

all the cathodic reduction results, relatingl:, to the various alloys 

and exposure conditions. While the potential plots for specimens covered 

with less protective oxides tended to oscillate around -1.0 to -1.5 V see 

those relating to thickly-scaled oxides all reached the potential of 

-l.06mV, though non exceeded it by more than lOOmV. The theoretical 

potential of a steel electrode in a sodium chloride electrolyte at 

pH 8.2, polarized at a current density of lmA cm-
2 

is around -800mV 

see. This value is obtained assuming the Tafel slope for hydrogen 

evolution in the electrolyte to be between the 117mV per decade for 
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iron in 0.01 N NaOH, and the 127mV per decade for iron in 0.001 N HCl, 
-2 ' 

with an exchange current density of between the 0.24pA cm for iron 

in 0.01 N NaOH and the 0.65µA cm-2 of iron in 0.001 N HCl. The hydrogen 

evolution potential of -1.1 V see finally obtained in this work 

cannot be explained in terms of resistance polarization as this 

would require the electrolyte to present a ·resistance of 150 ohms 
· 2 . 

for the 0.7 cm of electrode. Slow diffusion of reactive species 
-2 from the electrode at the relatively high current densit1 of lmA cm 

provides a more plausible expl-anation of the discrepancy. These 

reduction times are recorded in Table 3.7 and graphically displayed in 

Fig. 3.10. From the plots it can be seen that, for the first three 

months of exposure, all three alloys behaved in a similar manner. 

In general, reduction times increased with exposure times. During 

these early stages the Corten specimens required at least twice the 

reduction times required for the other alloys. Reduction times for 

alloy 43A remained less th~n these for alloy 50D during this period. 

TABLE 3.7 

Cathodic reduction times in minutes for scales formed at the coastal 
exposure site. 

EXPOSURE METALS 
TIME 50D Corten 43A (months) 

1 7 45 1 

2 43 102 29 

3 69 141 34 

4 64 546 125 

5 96 138 432 

6 430 684 1000 

After 4 months' exposure reduction times increased substantially with 

exposure time. After 6 months' exposure alloy 43A required substantially 

longer reduction times than did specimens of the Corten alloy. Alloy 

50D produced more readily reducible covers requiring shorter reduction 

times. 
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Exposure of samples of pure iron, 43A and Carten for a single month 

in late summer produced specimens requiring reduction times as noted 

in Table 3.7. These values do not follow the pattern of those 

relating to a single month's exposure in the spring, as alloy 43A 

required a substantially longer reduction time than did any of the 

specimens exposed in ~he spring. It appears from the data that specimens 

of Carten exposed at the later date required shorter reduction times. 

Of the three metals exposed in the late summer the pure iron required 

the shortest reduction time. From these results it would appear that 

reduction times for alloys are dependent not only on the length of 

exposure times, but also on the season in which exposure takes place. 

3.2.5 Polarization resistance of coastal site exposed specimens 

Fig. 3.11 and Table 3.8 contain the polarization resistance data re­

lating to the various ~pecimens exposed at the coastal site. The 

potential vs current plots from which these values were obtained were 

noted to have a significant degree of curvature. This characteristic 

was also noted in relation to the similar curves discussed in section 

3.1.3. As scan direction affected the value of the psuedo resistance 

in some cases, arithmetic means were taken as true resistance values. 

TABLE 3.8 

Polarization resistance measurements (ohm cm2) for coastally-exposed 
specimens. 

EXPOSURE METALS 
TIME 
(months) 50D Corten 43A 

1 154 224 382 

2 130 52 284 

3 253 216 239 

4 138 93 118 

5 252 179 116 

6 75 98 86 
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The polarization resistance data outlined in Fig. 3.11 shows alloys 

SOD and Corten to display the same gener·al behaviour, involving a 

reduction in polarization resistance during the first 2 months of 

exposure, followed by alternate increases and decreases in ~eduction 

times during the four successive monthly periods of exposure. At 

no time do the resistance values of these two alloys exceed the values 

obtained for the freshly pickled specimens. 

The polarization resistance behaviour of alloy 43A differs significantly 

from that outlined above for the alloy SOD and Corten, during the first 

3 months of the exposure period. After an initial period of exposure 

the polarization resistance of alloy 43A is shown to be double that 

relating to the freshly pickled metal. Resistance measurements made 

in successive months reveal a reduction in polarization resistance 

with time. The resistance measurements relating to all three alloys 
2 fall between 70 and 100 ohm cm after 6 months exposure. 

Polarization resistance values relating to specimens exposed for a 

single month in the late summer differ from those relating to the 

March/April exposure. Values relating to specimens of pure iron, 

Corten and 43A all fall between 40 and 80 ohm cm2, i.e. they are 

much lower than those relating to either the respective freshly 

pickled alloy or the respective specimens exposed to the coastal 

environment for 1 month from 20th March 1977. From this it would 

appear that the season of the year in which specimens are exposed 

has a marked effect on their corrosion behaviour, measured in terms 

of polarization resistance. 

3.2.6 Optical microscopic examination of specimen sections 

Fig. 3.12 shows sections of corrosion products formed on both alloy 

SOD and Corten. Both sections relate to specimens subjected to S months' 

exposure at the coastal site. Comparison of the two sections reveals 

a major difference in the physical structure of the two types of corro­

sion product. That formed on SOD shows a definite layered structure 

as opposed to the more mixed structure of the scale formed on the 

Corten specimen. In general the oxide formed on alloy 43A after 

similar exposure resembles that formed on alloy SOD, though no attempt 
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has been made to physically measure the porosity of the various corro­

sion products it can be seen from Fig. 1.12 that the layered · 

structure more readily lends itself to void formation. 

The corrosion products formed on the Carten are by no means homogeneous 

as the apparently random distribution of the different constituent 

oxides through the section indicates. In an attempt to more clearly 

define the location of these different oxides Fig, 3,1 .rt a microphotograph 

of the section reproduced in Fig. 3.12 was produced using polarized 

light illumination. The microsection relating to Carten shows how 

the oxides are mixed together, while that relating to alloy SOD shows 

the multi-layer structure with alternate layers highlighted by the 

polarized light system. 

3.2.7 Electron probe microanalysis 

The concentration profiles obtained by scanning scaled specimens with 

the electron probe micro · · displayed high noise levels. This 

. was thought to be due to the poor surface finish produced by polishing 

the fragile scales. For this reason the individual plots have not 

been reproduced. The information relating to the measured profiles 

is displayed in Table 3.9. In order to facilitate tabulation of the 

data, mean elemental concentrations in the inner and outer scales 

have been produced by graphical analysis of the $V data. Where 

significantly different from bulk values, element concentrations at 

oxide/air and alloy/oxide interfaces have been noted. 
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Alloy 

43A 

Carten 

50D 

43A 

Carten 

TABLE 3.9 

( ' 
Elemental concentrations through coastally~formed corrosion products 
measured by electron probe microanalysis. 

Exposure Scale Element Elemental Concentrations (Weight%) 
Time Structure · 

Oxide/Alloy Inner Outer Oxide 

~ 
Fe 15 - 40 -

1 month Duplex 
Mn - 0.1 0.2 -
s - - - 3 
Cl 1 - - 1 

! I Fe 40 55 55 -l Mn 9 
,) 

- - -
1 month Simplex Cl - 23 23 -J 

' Cr 7 - - -) 

I :, Cu - 0.1 0.1 -
I p - - 0.5 I -

' l 
Fe - (20% with peak 50%)-

! Mn - 0.01 0.01 -6 months 1 Layered I s 1 - - -
Cl 4 2.5 2.5 4 

6 months Layered ~ Fe 
Mn 

! 
Fe - - 10 30 
Mn - - 0.05 -

6 months Duplex s - - 0.7 -
Cr 1.5 - - 1.0 
Si 1.5 0.3 0.3 -

In general, scales formed on steels after exposure to the coastal 
environment for either one or six months contain up to 50% iron 

throughout. Lower iron count~ in the inner ·oxides of both alloys 

Carten and 43A were found by microscopic observation to be due to 

voids or poor scale adhesion. The iron count for the scale formed 

on alloy 50D,though remaining below 50%, reveals a value of less than 

10% at intervals of about 20).lITl, throughout the scale thickness. The 
, 

areas of low iron count coincide with areas of high (4%) chlorine 

levels. As noted in the previous section, the scale formed on alloy 

SOD is of a layered structure. This data is of the form expected from 
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analysis of a layered structure. Scales formed on alloy Carten are 

neither layered, nor do they contain measurable quantities of chlorine. 

After only a single month~ exposure scales formed on all the test 

materials were found to contain detectable quantities of chlorine. 

The 75µm thick duplex scale formed on the Corten alloy was found to 

contain 25% chlorine _in its inner layer, where iron levels were of the 

order of 40%. In the apparently chlorine-free outer scale iron levels 

of 50% were noted. As no pure iron specimens were exposed for longer' 

than a singJ_e month it is not possible to draw conclusions regarding 

variations in corTosion product/chlorine levels with time. After a 

single month's exposure during the late summer, small amounts of 

chlorine were found to be contained in the outer layers of corrosion 

products. In the outer 1O,-un of scale, levels were found to far exceed 

those in the bulk scale, reaching 22%. 

Of the other major reactive elements in the marine environment only 

sulphur can be readily detected Ly use of electron probe microanalysis. 

After l month's exposure of specimens only scales formed on alloy 43A 

contain mcasu·r·able quantities of sulphur, ranging from less than 1% 

at the metal/oxide interface to 3% in the outer regions of the scale. 

The scales formed on alloy 43A during 5 months' exposure contrasted 

with these formed during a 1 month period by containing no detectable 

sulphur, while similarly formed scales produced on aJloys Carten and 

5OD both contained measurable quantities of sulphur. In the case of 

Carten a constant 0.5% sulphur was measured throughout the scale. The 

sulphlll' in the 5OD scale was located only at the metal/oxide interface 

and exceeded 1%. 

Of the elements contained in the alloyed steels manganese was found 

to be the most prevalent in the scales, being located throughout 

the depths of most scales. An exception to this behaviour was found 

in scales formed on Cor_ten after· a single month of exposure. He1'e 

a high concentration (c.a. 10%) of manganese was located at the metal/ 

scale interface. After 6 months' exposure the scales on alloy 43A cont­

ained a higher manganese content at the air/scale interface (c.a.1%) 

than did the parent alloy. In all but the two cases outlined above, 

manganese concentrations were uniform and lower than those of the 

parent alloys. 
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The presence of chromium and copper in Corten is a major difference 

between it and the other alloy steels tested. Copper levels in 

scales were found to be of the order of 0. 2% and uniform throughout 

scale depths. This was the case after both one and six months' exposure. 

Chromium was found to be concentrated at the scale/alloy interfaces. 

Interfacial concentration increased from 1% after one month's exposure 

to 6% after six months' exposure. 

Niobium, though present in parent alloys was not detected in any of 

the scales examined. Phosphorus was also present in all the steels, 

but detected only in the scale formed on Corten after six months' 

exposure. The phosphorus concentrations were of the order of 0.S% at 

the scale/air interface. 

3.3 Deep water test site data 

3.3.1 Weight-loss and pit depth measurements 

The mean corrosion rate values calculated from the weight losses 

relate to single specimens of the three alloy steels exposed. Hence 

they have little statistical relevance. The corrosion rates are 

displayed in Table 3,10, It can be seen thatthey are significantly 

lower than the values in section 3.2 for specimens coastally exposed 

for a similar period of time, Ail three alloys appear to corrode 

at around 0.1mm yr-1 • Standard deviations calculated for alloys 

exposed at the coastal site were found to be of the order of 0.03mm yr-l. 

Applying this value to the deep-water site test data suggests that 

alloy 43A can be said, with some statistical justification, to corrode 

at a lower rate than alloy SOD. Though the measured corrosion rate 

relating to the Corten specimen lies between that relating to SOD 

and that relating to 43A, the value is within two standard deviations 

of both and hence cannot be said, with any certainty, to be either 

higher than that relating to 43A or lower than that relating to SOD. 

TABLE 3.10 

Gravimetric Corrosion Rates of Specimens Exposed at the Deep-Water Site. 

Alloy Corrosion rates 
(mm yr-1) 

SOD 0.122 

43A 0.092 

Corten 0.098 
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This data differs markedly from that relating to the coastal exposure 

site, where alloys 43A and SOD behaved similarly throughout the 

exposure period. As seasonal variations were found to markedly 

affect the corrosion rate of alloy Carten relative to alloys 43A and 

SOD, little can be deduced from the relative attack suffered by 

Corten at the deep-water site. 

The different nature of the attack suffered at the deep-water and the 

coastal sites is indicated by the difference in pitting rates experi­

enced at the two sites. At the coastal site pit-depths were found to 

be of the order of 0.1mm after 5 months. This is significantly less 

than the 0.6mm of pitting attack suffered by the specimens exposed 

for 151 days at the deep-water site. The measured pit-depths are 

displayed in Table 3.11. As values relate to single specimens a 

statistical analysis cannot be performed and the relative attack 

suffered by the alloys cannot be quantified. At both coastal and 

deep-water sites the results suggest that the nature of the alloy 

has little effect on its pitting rate. 

TABLE 3.11 

Pit-Depths - Specimens Exposed at the Deep-Water site. 

Alloy Pit Depth (mm) 

SOD 0.67 

43A 0.57 

Corten 0.54 

3.3.2 Potentiostatic polarization in aerated electrolyte 

In Table 3.12 the polarization data produced for specimens of alloy 

43A, SOD and Corten after 151 days exposure at ~he deep-water sites 

are displayed. The similarities of the behaviour of the alloys suggests 

that within the limits of accuracy of the tests the three alloys are 

electrochemically very similar after exposure. For all three alloys 

.corrosion potentials in the -525mV t? ~ssomV see range have been noted, 

along withcathodic gradients of the order of 0.7 V per decade. Anodic 

plots appear to be slighly more compliGated, though the curve fitting 

technique outlined in section 3.1.1 suggests that a resistance of 50 ohm cm2 
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superimposed on a Tafel slope of 60mV per decade could be used to 

describe the data. Assuming the above explanation of the anodic 

behaviour to hold, extrapolation of the Tafel regions to corrosion 

potentials indicated corrosion current densities of around O.lmA cm- 2 

TABLE 3 .12 

Polarization Behaviour of Alloys Exposed for 155 Days at the Deep-Water 

Site (Aerated Electrolyte). 

Metal SOD Corten 43A 

Corrosion 
~anodic 0.1 0.1 0.05 mA 

.:..2 
cm_ 2 current Cathodic 0.5 0.4 0.6 mA cm 

Corrosion potential -550 -530 -550 mV see 

Tafel\ d. 60 60 40 mV decade ano 1c per 
slope ?cathodic 800 750 700 mV per decade 

Surface resistance 35 50 50 ohm cm 
2 

Data re~ating to the as-pickled surfaces for all three alloys is 

displayed in Table 3.1. Ccmparison of the polarization data suggests 

that the exposure resulted in ennobled corrosion potentials, more 

highly polarised anodic kinetics and depolarized cathodic kinetics. 

The latter effect does not appear to hold at the more base potentials 

at which data was produced. It is at these potentials, of the order 

of -1.1 V see, at which data relating to the Corten alloy differs 

slightly from that relating to the other alloys, by being less polarized. 

3.3.3 Potentiostatic pola_rization in deaerated electrolytes 

The polarization data displayed in Table 3.13 allows data relating 

to specimens from the deep-water test site, polarized in deaerated 

electrolyte to be compared with data relating to similar specimens 

exposed in aerated electrolyte. The data also allows comparison with 

data relating to freshly pickled specimens to be compared with that 

relating to site exposed specimens. For the three alloy steels tested 

polarization data relating to specimens exposed at the deep-water site 

appears to be only slightly affected by the concentration of oxygen 

in the test electrolyte. Plots relating to the deaerated electrolyte 
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differ from those relating to the aerated electrolyte by displaying 

slightly("' SOmV) more base corrosion potentials,slightly more polarized 

cathodic kinetics and slightly less polarized anodic kinetics (differences 

of less than 0.05 of a decade in both cases). 

TABLE 3.13 

Polarization Behaviour of Alloys Exposed for 155 Days at the Deep-Water 

Site (Deaerated Electrolyte). 

Metal SOD Corten 43A 

Corrosion 
~anodic 0.2 0.1 0.1 -2 

mA cm_ 2 current cathodic 0.3 0.3 1.0 mA cm 

Corrosion potential -515 -575 -525 mV see 

Tafel 
~anodic 100 100 10 mV per decade 

slope cathodic 150 200 1300 mV per decade 

Surface resistance 20 30 25 

Comparing the data produced under deaerated conditions, relating to 

the two specimens surface states suggests that exposure at the deep­

water test site results in substantial cathodic depolarization, 

anodic polarization andennoblementof corrosion potentials. These 

effects are revealed in data relating to all three alloys exposed 

at the deep-water site. 

3.3.4 Galvanostatic reduction of site-formed corrosion products 

In order to allow specimens reduction times to be compared with 

those measured in section 3.2.4 the reduction times were taken as 

those required for specimen· potentials to reach -1.06 V see. The 

choice of this potential was discussed in section 3.2.4. The 

specimens of Corten, SOD and 43A exposed for 155 days at the test 

site required reduction times of 246, 414 and 764 minutes respectively. 

These values were all found to relate to the production of local 

cracking of specimen corrosion products. Complete corrosion product 

reduction was not produced. The reduction times represent the passage 

of 15, 25 and 46 Coulombs of charge for the products formed on Corten, 

SOD and 43A respectively. Though the nitrogen saturated electrolyte 

was not visibly changed by the reduction process its pH was found to 

drop from around 7.0 to 5.8 due to specimen reduction. Cathodic 

oxygen reduction could be expected to cause an increase in pH with 

reduction time. A typical potential vs time plot produced during 
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cathodic reduction is illustrated in Fig. 3.14. After an initial 

period of up to 30 minutes potentials were found to vary quasi-linearly 

with time. As no reductions were continued for many minutes after 

specimen potentials reached -1.06 V see, the lower potential limits 

of the quasi-linear region was not determined. 

3.3.5 Polarization : ·esistance-: Deep-Water Site. 

Non-linear potential vs current plots of the type noted in section 

3.1.3 were also noted in respect of the polarization resistance plots 

performed on specimens exposed at the deep-water site. As in section 3.1.3 

symmetricplots were produced by the polarization process. This allowed 

the polarization resistance to be measured directly from current vs 

potential plots. Resistances of 154, 356 and 582 ohm cm2 were recorded 

for alloys 43A, Corten and SOD respectively. By comparison of these 

values with resistance values relating to 'as-pickled' specimens, the 

effect of site exposure on polarization can be assessed. For alloy 43A 

such a comparison indicates a slight decrease in resistance due to 

exposure, while for alloy SOD weathering results in a doubling in 

polarization resistance and for Corten a 20%· increase in polarization 

resistance. This behaviour is the opposite of that to be expected 

from analysis of the weight-loss data relating to the same specimens. 

During measurement of the polarization resistance values of the various 

specimens, no visible changes in surface condition, such as scale 

spalling or undercutting of masked surfaces were observed. As 

repetition of the measurements after different periods of time 

produced no significant changes in resistance values, it is not possible 

to explain the wide spread of these data in terms of time-dependent 

changes in surface condition broµght about by exposure of weathered 

specimens to the_ synthetic electrolyte used for the polarization. From 

this work it would appear that the stable conditions .of specimen 

surfaces in equilibrium with aerated synthetic sea~water do differ 

with alloy composition to the extent indicated by the polarization 

resistance values noted in this section. 

3.3.6 Optical microscopic examination of site-formed scales 

Sections of scales formed on the various steels after exposure at the 

deep-water test site were viewed in reflection, using .optical micro­

scopic techniques. In all cases illumination with polarized light 

allowed the layers of duplex scales to be more easily distinguished. 

Figs. 3.15ato 3.15d show the structures typical of the scales formed 

on alloys 43A and Corten and viewed under both normal and polarized 

light. Scales formed on alloy SOD were found to resemble those formed 
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on alloy 43A. All alloys produced relatively uniform thickn~ss, duplex 

scales. Thicknesses were typically of the order of O.Smm on alloys 43A 

and SOD the inner scales did not exceed a thickness of 0.1mm. Such 

layers were found to be of uniform thickness. Though they were by no 

means crack-free, adhesion of the inner layers to the steel substrates 

appeared to be good • . A fine crystalline appearance characterised 

the inner layer of corrosion products formed on these two steels. This 

suggests that the scales would be compact and protective. 

The inner layer of the duplex oxide formed on alloy Corten contrasted 

with that formed on the other steels. Not only was it found to be red 

in contrast to the grey of the 43A scale (true colouration could not 

be reproduced with the technique used to produce Figs. 3.lS) its 

thickness varied greatly, its structure was comparatively coarse and 

it contained few cracks. At some points the inner scale thickness 

was found to be half the total scale thickness (i.e. of the order of 

0. 2Smm). Adhesion of the oxide to the steel substrate did not appear 

to be as effective as that of the inner layer formed on alloy 43A. 

Particles of the material forming the bulk of the outer scale layer 

were found to have formed between the inner oxide and the steel 

substrate. Such particles appear to coincide with areas where the 

inner oxide layer was at its thinnest. These observations indicate 

that a degree of mixing of the inner and outer oxides takes place 

during the corrosion process. Such an effect has been noted by Okada 
. . h h . . . f 0 ld t 1 (64 ) in relation tote atmosp eric corrosion o mi sees • 

For the scales formed on Corten the physical structure of the two 

constituent oxides differs little, both being coarse-grained, with no 

preferred grain orientation. For such scales colour is the only 

visual indication of the region in which the scale composition changes. 

Adhesion of the inner layer to the outer appears to be _good. The 

difference in grain structure of the two oxide layers formed on alloys 

43A and SOD is more pronounced. A layered structure with a grain size 

similar to that of the Corten corrosion product characterizes the 

outer scales formed on the alloys. While the transition from the fine 

grained inner oxide to the coarser outer oxide is easily identified, 

changes in the structure of the- outer layer appear to take place through~ . 

out its depth. A high void density is evident in ;the inner regions 

of the outer scale. Only in the outer 0.2mm of the scale does the outer 
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layer structure appear to be compact and void-free. 

The use of polarized light allows the two layers of duplex scales to 

be distinguished. This is particularly so for the scales formed on 

Corten, where the granular structure of the two oxide layers is similar·. 

However, the techniqu_e does not allow a qualitative assessment of 

optical activities to be made and hence does not allow the materials 

constituting the scales to be identified. 

3.3.7 Electron probe microanalysis 

The details of element distribution through scales are shown in 

Table 3.14 in the same form as -those in Table 3.8 relating to specimens 

exposed at the coastal site. All three alloy scales displayed iron 

contents of 30% to 50% throughout their depths. Variations in iron 

content appear to indicate a duplex structure with the outer scale 

containing the greater quantity of . iron. 

TABLE 3.14 

Elemental Concentrations in Scales Formed on Specimens Exposed for 

155 Days at the Deep-Water Site. 

Elemental Concentrations (Wt%) 
Scale 

Alloy . Structure Element Oxide/alloy Inner Outer Surface 
interface scale scale 

--
) Fe Mean 20% with peaks of 50% 
I Mn - 0.01 0.01 -
1• S 0.5 0.2 -

43A Layered 1: Cl 0.1 10.0 10.0 -
I p 0.12 0.05 0.05 -
1• Si - 5.0 5.0 -

1, Fe - 10.0 30.0 -
I s 0.2 0.6 0.6 0.3 
I Cl Mean 1% with peaks of 3% I 

Corten Duplex 1• Cr - l.2 1.2 -
• 0.5 4.0 1 Cu - -
l P - 0.05 0.05 -
I 

Si 50.0 1.0 1.0 I -
Fe - 20.0 40.0 -

~ 0.01 0.01 l ~n - -
1.0 0.05 0.05 -SOD Duplex • Cl 0.1 3.0 3.0 

l P 
-

0.1 0.06 0.06 -) Si - 10.0 10.0 -
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Once again chlorine was located in all scales. Scales formed on alloy 

43A and SOD displayed uniform chlorine profiles of 10% and 3% respectively. 

Little chlorine was detected at the scale/alloy interface. The scale 

formed on the Corten alloy contained up to S% chlorine. This was not 

uniformly distributed throughout the scale depth. Peaks in the concentra­

tion were displayed at 10pm intervals, suggesting that the concentration 

of chlorine is dependent on the microstructure of the corrosion products. 

The concentration variations do not appear to be caused by the surface 

roughness of scale sections (roughness due to poor polishing of specimens 

can lead to false profiles), as other elements were not found to suffer 

these effects. 

The sulphur profiles obtained from analysis of sections of scales formed 

on alloys 43A and SOD are similar. They indicate high scale/alloy 

interface concentrations (0.6% and 1% respectively) and lower bulk 

concentrations (0.2% and O.OS% respectively). The scale formed on Corten 

differs from those noted above; it contained of the order of 0.6% sulphur 

throughout its thickness. For alloys SOD and Carten similar behaviour 

was noted in scales formed at the coastal exposure site after 6 months 

exposure. Details of these sulphur profiles are contained in section 3.2.6. 

The predominance of manganese in scales formed at the coastal site is 

not reflected in the results obtained on analysis of scales formed on 

steels exposed at the deep-water site. Only 0.01% manganese is contained 

in the scale formed on alloys 43A and SOD, while no manganese is detect­

able by electron probe microanalysis of the scales formed on the Corten 

alloy. The high silicon levels and detectable phosphorus levels noted 

in Table 3.14 reveal another difference between the scales formed at the 

deep-water site and those formed at the coastal site. Copper contained 

in the Corten scale is noted in Table 3.14 at a concentration of 4% on 

the outer surface of the scale, with a concentration of O.S% in the bulk 

of the scale. The other major alloying addition, to Corten, chromium, 

was found to vary in concentration through scales in the manner noted 

above for chlorine. Peaks being of 1% to l.S% and at intervals of 10pm. 

This suggests a dependence on microstructure. 

3.4 Simulation of The Marine Splash-Zone 

3.4.1 Effect of simulation on corrosion potentials 

The variations in specimen potentials noted during two weeks of exposure 

to the synthetic marine environment are plotted in Fig. 3.16. In general 

initial specimen potentials are noble of -0.6 V see. Within hours of 

exposure they become base of this value. Between day two and completion 
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of the 14 day exposure process specimen potentials remain within 50mV 

of -0.7 see. Specimens of the Corten alloy took longer than those of 

other alloys to reach the -0.5 V see potential and remained at relatively 

noble potentials compared with the other metals tested, for the major 

portion of the exposure period. During day three of exposure the potential 

of alloy 43A rose to more anodic values. The change in potential was of 

the order of lOOmV, and hence the alloy attained a more noble potential 

than the Corten specimen. Initially alloys SOD and 43A had behaved very 

similarly, but not until day eight was the effect of day three overcome 

and the potential once again of the order of that of alloy SOD. During 

day ten a lesser (of the order of 50mV) degree of anodic polarization of 

alloy 43A was noted. This was maintained until the end of the 14 days 

exposure period. 

Alloy SOD suffered only minor variations in potential after the initial 2 days 

period. As Fig. 3.16 shows, not only did the potential of the SOD 

specimen remain more stable than that relating to the other alloys, it 

also remained more base throughout the 14 day exposure period. The pure 

iron specimen behaved in a similar way to that of SOD, though it remained 

50mV noble of the 50D specimen throughout' the test period. 

The largest change in potential during these tests was produced on the 

Corten specimen. The change took the form of a 300mV enoblement during 

day 13 of the exposure period. The higher potential was maintained until 

the end of the exposure period. As the values of corrosion potentials 

produced during subsequent pplarization plots in aerated media reveal, 

this significant change in potential was not effective after storage and 

rehydration of the specimen in the synthetic sea-water. Corrosion potentials 

are plotted in Fig. 3.16 for all specimens after 7 and 14 days exposure in 

~plash-zone simulator. As the figure reveals, the corrosion potentials 

produced in the polarization cell tend to be more noble than those produced 

in the simulator~ where they are subject to intermittent immersion. The 

exception to this rule is the case of Corten after 14 days exposure. 

3.4.2 Weight-loss and pit-depth data 

Directly from weight-loss data, expressed as general corrosion rates in 

terms of mm yr-1 , in. Tabl~ 3.15, the alloys 50D and 43A would appear to 

corrode at significantly higher rates than specimens of pure iron. They 

also appear to corrode slightly more readily than does the Corten alloy. 

All the three alloyed metals studied were found to corrode at similar 
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rates during the first week of exposure to the simulated splash-:-zone. 

Corrosion rates of the order of 0.39mm yr-l were noted for the alloys. 

While extending the period of exposure to 2 weeks resulted in a reduction 

in the mean corrosion rates to 0.28mm yr-l in the cases of alloys 50D 

and Corten (this corresponds to a mean value for the second week of 
-1 -1 

0.15mm yr for alloy 50D and 0.20mm yr for Corten), alloy 43A appears 

to corrode at a significantly higher rate during the second week. Pure 

iron,like Corten and 50D, corroded at a lower rate during its second 

week of exposure. Though the mean corrosion rate experienced over the 

2 week period is substantially less than the rates experienced by either 
I 

Corten or alloy 50D, the mean corrosion rate relating to the second week 
-1 . alone is 0.16mm yr , i.e. of the same order as those relating to the 

second week of exposure of alloys 50D and Corten. 

TABLE 3.15 

Weight-loss and Pit-depth Data For Specimens Exposed in ·.,he Simulator. 

Alloy 
Exposure Corrosion Rate Pit Depths 

-1) Time (mm yr (mm) 

50D ~; week 0.41 0.038 
weeks 0.29 0.040 

Corten g week 0.36 0.039 
weeks 0.29 0.039 

43A g week 0.39 0.039 
weeks 0.54 0.042 

~~ 
week o. 28 0.058 

Pure Iron weeks 0.22 0.052 ) . 

Pit-depth measurements reveal another way in which the behaviour 
of pure iron differs from that of the other metals tested. While 

mean pit depths of slightly less ~han 0.04mm were measured for the 

alloys after a week's exposure, and depth slighly in excess of 0.04rrnn 

for alloys after two weeks' exposure, pure iron specimens suffered 

substantially greater pitting. This effect was revealed in depths of 

0.06~m and 0.05mm measured after 1 and 2 weeks exposure respectively. 

Should these trends continue when alloys are exposed for longer periods, 

all :metals tested may eventually experience steady state pitting 

conditions, producing pit-depth values of between 0.04 and 0.05 mm. 
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3.4.3 Potentiostatic polarization in aerated electrolytes 

The polarization data relating to exposed specimens is displayed 

in Table 3.16. As,. for all materials but Corten, exposure times 

of 2 weeks were not found sufficient to produce uniform corrosion 

product coverings, certain plots produced by specimen polarization 

in the aerated synthetic sea water were repeated with the less well 

covered po_rtions of their surfaces masked off. This procedure was 

found to give an indication of the relative nature of the different 

areas of corroded specimen surfaces. In general the following effects 

were noted in polarization data relating to the corroded specimens, 

when compared with that relating to 'as-pickled' specimens:-

(i) Enoblement · of corrosion potentials by exposure. 

(ii) Polarization of anodic kinetics. 

(iii) Slight depolarization of cathodic kinetics. 

Most exposed specimens were found to be sensitive to the masking 

procedure, which produced the following effects:-

(i) Increased the degree of cathodic depolarization substantially. 

(ii) Increased the degree of anodic polarization slightly. 

(iii) Significantly raised the corrosion potential. 

The specimens of the Corten alloy were found to be affected little 

by the masking of areas of their surfaces. The unmasked surfaces 

revealed substantial cathodic depolarization of the specimens after 

both 1 and 2 weeks' exposure to the synthetic environment. ·.nobled 

corrosion potentials and a degree of anodic po;l.arization were also 

revealed by the polarization plots. After exposure no Tafel region 

relating to the hydrogen evolution reaction could be identified from 

the data obtained, though that relating to the 'as-pickled' surface 

revealed distinct Tafel behaviour at cathodic potentials. 

Polarization data for specimens of alloy SOD was not substantially 

affected by the exposure of up to 2 weeks, with only slight anodic 

polarization a,11d change in the cathodic Tafel region being produced. 

By masking the areas of the specimen surface not covered with corro-
, 

sion products, specimen's kinetics were changed. The changes took 

the form of cathodic depolarization and ennoblement of corrosion 

potentials. 
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TABLE 3.i6 

Polarization Behaviour of Specimens Exposed in the Splash-Zone . imulator (Aerated Electrolyte). 

Metal 

ano ic Corrosion~ d. 

~ current .cathodic 
'-4 
~ Corrosion potential 
r-i 
'-4 Diffusion current 
:::<: 

~ Tafel ~ d. ano ic 
~ slope cathodic 
C/) 
0 
0... 
X 
'-4 

E/log(i) for small l 
cathodic currents 

( Surface resistance 

Corrosion~ d. ano ic 
current cathodic 

~ Corrosion potential 
w 
~ · Diffusion current 

C',j Tafel~ d. w ano ic 
~ slope cathodic 

~ E/log(i) for small l 
~ cathodic currents 
0... 
X 
w Surface resistance 

50D 

0.2 (0.5) 
0.003 (-) 

-670 (-555) 

0.03 (0.4) 

100 (120) 
210 (-) 

550 (1200) 

1.0 (5.0) 

0.2 (0.6) 
0.01 (-) 

-670 (-580) 

0.1 (1.0) 

120 (60) 
310 (-) 

1000 (1300) 

0 ( 5) 

43A 

0.2 (0.6) 
0.01 (0.02) 

-625 (-530) 

0.1 (0.2) 

100 (80) 
300 (280) 

800 (1400) 

2.5 (25.0) 

0.03 (0.1) 
0.005 (-) 

-665 (-600) 

0.08 ( 0. 8) 

80 (60) 
230 (-) 

1200 (950) 

5.0 (4.0) 

Corten 

0.1 (0.1) 
0.009 (0.005) 

-630 (-630) 

0.3 (0.1) 

40 (80) 
260 (220) 

1400 (600) 

25 (6.0) 

0.2 (0.2) 
0.005 (0.006) 

-630 (-630) 

0.1 (0.2) 

80 (100) 
200 (265) 

600 (450~ 

9.0 (9.0) 

Bracket data relates to specimens' mask in accordance with the text. 

Pure Iron 

-2 0.2 (0.2) mA cm_ 2 0.003 (-) mA cm 

-610 (-590) mV see 

0.8 (0.4) mA cm -2 

80 (60) mV per decade 
210 (-) mV per decade 

3000 (1300)mV per decade 
2 4.5 (5.0) ohm cm 

-2 0.1 (0.2) mA cm_ 2 0.014 (-) mA cm 

-650 (-600) mV see 

0.1 (0.3) mA cm 
-2 

70 (60) mV per decade 
300 (-) mV per decade 

1300 (7QO) mV per decade 

2 6.0 (6.0) ohm cm 



Exposure of alloy 43A produced a degree of anodic polarization, 

substantial cathodic depolarization and enoblement of corrosion 

potentials. Masking of the less effectively covered areas 

specimens resulted in further cathodic depolarization and ennobled 

corrosion potentials. 

All exposed specimens of pure iron showed a similar degree of anodic 

polarization, gr~ater than that relating to the I as-pickled' surface. 

The specimens examined after 1 ·week also showed substantial cathodic 

depolarization and ennoblement of corrosion potentials. These character­

istics were not significantly affected by the masking of the less well 

covered areas. The specimens exposed for 2 weeks showed these character­

istics only after masking of the less well covered areas, with the 

unmasked specimen exhibiting similar cathodic kinetics to the 

'as-pickled' surface. 

3.4.4 Potentiostatic polarization in deaerated electrolyte 

Potentiostatic data relating to specimens exposed in deaerated electro­

lytes is displayed in_ Table 3 .17. As noted when site exposed specimens 

were examined by potentiostatic polarization in deaerated synthetic 

sea water, splash-zone simulation produces three changes in the electro­

chemical behaviour of potentiostatically polarized surfaces. These 

changes are the ennoblement of corrosion potentials, more highly 

polarized anodic kinetics and at current densities of less than SmA cm-2 

depolarization of cathodic kinetics. As no attempt has been made to 

mask areas, variations in surface behaviour over the total specimen 

surface cannot be assessed. The specimens of the Carten alloy exposed 

in the simulator were found to behave very similarly in both the aerated 

and the deaerated electrolytes. This is in accordance with the 

general trends outlined above. 
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TABLE 3.17 

Polarization Data of Specimens Exposed in the Splash-Zone Simulator (Deaerated Electrolyte) 

Metal 

w 

)anodic 
?cathodic l 

Corrosion 

~ current 

::3: • • 
~ Corrosion potential 

w Diffusion current 
~ 
H 

E-< Tafel ~ d. · ano ic w . 
~ slope cathodic 
C/) 

~ E/log(i) _for small 

w cathodic currents 

Surface resistance 

50D 

o. 7 (0.3) 
0. 0 25 ( 0. 00 2) 

-625 (-575) 

0.2 (0.4-) 

4-0 ( 80) 
250 (225) 

1150 (24-00) 

5 (13) 

4-3A 

0.06 (0.1) 
0.006 (-) 

-625 (-550) 

0 .1 ( O·.l) 

80 (80) 
550 (-) 

3000 (590) 

5 (25) 

Bracketed data relates to 2 week exposure period. 

Corten 

0.04- (0.2) 
-- (0.01) 

-6.90 (-625) 

0.2 (0.2) 

60 (80) 
-- (270) 

760 (1700) 

14- (6) 

Pure Iron 

-2 0.2 (0.09)mA cm_ 2 0.004- (-) mA cm 

-625 (-625) mV see 
. -2 0.08 (0.1) mA cm 

70 (60) 
225 ( - ) 

mV per decade 
mV per decade 

700 (600 mV per decade 

2 5.0 (10) ohm cm 



The significant depolarization of cathodic reactions on alloy 50D 

brought about by exposure in the splash-zone simulator appears to 

be of the same form as that experienced when a system corrodes under 

the infulence of a diffusion controlled reaction. The change in 

cathodic kinetics after one week of exposure appears to result in a 

slight ennoblement of the corrosion potential. A substantial degree 

of anodic polarization due to exposure for two weeks causes the ennoble­

ment of the corrosion potential to become significant. 

The polarization behaviour of specimens of both pure iron and of alloy 

43A appear to be similarly affected by exposure in the splash-zone 

simulator. A greater spread of results was produced by the potentio­

static polarization of the 43A alloy than by polarization of the 

pure iron. While after l week's exposure plots reveal two separate 

sections of the polarization plot. One section follows limiting current 

behaviour and the other quasi-Tafel behaviour. After 2 weeks .' 

exposure the plots were found to take the form of single continuous 

curves. With increased exposure time, cathodic depolarization, 

anodic polarization and corrosion potentials were all found to increase. 

The increased values were all found to exceed those relating to the 

respective freshly pickled surface. When compared with the data 

obtained by polarization in the aerated electrolyte, which is displayed 

· in Table 3.16, it can be seen that under deaerated conditions the 

degree of anodic polarization experienced by freshly pickled, by 

lweek'sexposed and by 2week1sexposed specimens is in all cases 

greater than that relating to equivalent specimens polarized under 

aerated conditions. 

3.4.5 Cathodic reduction of scales formed on specimens exposed in the 

simulator. 

The reduction times relating to the four metals after exposure in 

the simulator are recorded in Table 3.18. Both alloy SOD and pure 

iron display short reduction times after 1 week's exposure. After 

2 weeks' exposure reduction times were shown to be further reduced. 

This behaviour is significantly different from that relating to alloys 

43A and Corten, which display reduction times considerably 

greater than that of pure iron or that of alloy SOD. An increase 

in reduction time with exposure time was noted for this metal. The 

non-uniformity of corrosion products makes this test sensitive to 

the area chosen for reduction. Such an effect can be expected to 



mask the effects of the changes in corrosion deposits which the tes t 

was chosen to identify. 

TABLE 3.18 

Cathodic Reduction Times of Simulator Exposed Specime.ns. 

Alloy Exposure Cathodic Reduction 
Time ( eeks) Time (Minutes) 

50D 
? 

l 0.6 
.2 0.3 

43A .? l 5.5 
2 10.0 

Corten ~ l 3.0 
2 6.5 

Pure Iron ~ l 0.6 
2 0.1 

3.4.6 Polarization resistance measurements 

The polarization resistance data relating to specimens exposed for 

land 2 weeks in the splash-zone simulator is displayed graphically 

in Fig. 3.17. No pattern emerges from the data displayed in this 

way, but the figure does show that, after 2 weeks' exposure, resist-
2 2 · 

ance values vary from 90 ohm cm to 1000 ohm. cm. Displayed 

graphically, the data suggests two possible groupings of metals. 

Pure iron and SOD could be grouped together in a 'high resistance' 

group, with alloys 43A and Corten forming a 'low resistance' group. 

An alternative would be to group pure iron and Corten together, as 

extending the period for which they were exposed from l to 2 weeks 

resulted in an increase in resistance. The same extension reduced 

the resistance of alloys 43A and SOD. 

Polarization resistance data relating to 'as-pickled' surfaces, 

detailed in section 3.1.3, suggests that alloys Corten and SOD differ 

significantly from 43A and pure iron. The data discussed here does 

not indicate any similarities in the behaviour after exposure in the 

simulator. 
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Fig. 3 .17 Polarization Resistance Data (Simulator) 
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3.4.7 Optical microscopy 

Suitable microsections of Corten sections could not be produced~ 

their mechanical properties being unsuitable for preparation by 

polishing. The corrosion product formed on this alloy appears to 

be more uniform than that produced on .the three other materials 

tested. The irregular corrosion product covering produced on the 

alloy surfaces are typified by the micrographs shown in Figs. 3.18a 

and 3.18b. Both .rr.icrographs show the same mound of corrosion 

product produced by 2 weeks' exposure to the synthetic environment of 

alloy SOD. The enhanced definition obtained in Fig. 3.18b is due 

to the use of polarized light illumination. Neither the outer nor 

the inner layer of corrosion product displayed any mechanical strength. 

Examination of the mound displayed in Fig. 3.18b reveals the outer 

layer to be a flaky crust of red oxide covering the loose black, 

powdery inner oxide. The large volume of air contained along with 

the black powder in the mound suggests that the corrosion product has 

undergone a physical change after removal from the environment. For 

corrosion to progress, as weight-loss data indicates that it did, a 

conduction path must have existed between the electrolyte and the 

corroding steel. An electrolyte saturated mound of the form shown 

in Fig. 3.18b would be able to provide such a conduction path. 

3.4.8 Electron probe microanalysis 

The thin fragile deposits formed after 2 weeks' exposure of specimens 

to the synthetic splash-zone did not lend themselves to examination 

by electron probe microanalysis It was not found possible 

to prepare a section from an exposed specimen of Carten with a 

surface finish suitable for examination by this technique. After 

? weeks' exposure the Carten scales were found to be particularly fragile 

and became separated from the Carten substrate by polishing. 
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TABLE 3.19 

Elemental Concentrations In Simulator Exposed Specimens. 

Elemental Concentrations (Wt%) 
Alloy Element 

Scale/alloy Scale Scale 
interface bulk surface 

} Fe - 20.0 -
SOD ~ :n 

- 0.01 -
2.0 - -

·~ 

Fe Mean 30% peaks of 50% 

43A Mn • • <, .. 0.3 -
s 2.0 0.1 5.5 

Pure Iron Fe - 45 -

Table 3.19 shows the element concentration data obtained relating to 

pure iron, alloy 43A and alloy SOD specimens. The iron concentration 

profiles indicated in the table all suggest similar behaviour, with 

little or no iron being located in the inner 30pm of scale and concen­

trations of from 20% to 40% in the outer lOOpm of scale. From the 

sulphur profiles relating to scales formed on 43A and SOD, which 

indicate 2% sulphur levels in the inner 30µm, it would appear that 

low iron concentrations do not indicate voids or detached scales. 

What the iron concentrations do indicate is that the oxides formed 

on pure iron are more uniform than those formed on the alloys, there 

being many fluctuations in iron concentrations through the depths of 

alloy scales. The iron content of scales formed on pure . iron can 

be seen from Table 3.19, to be significantly greater than those formed 

on the alloy steels. Iron concentrations of only 10% to 1S% have 

been noted ·in the scales formed on the alloy SOD after 2 weeks 

exposure, compared with almost 50% in scales similarly formed on pure 

iron. 

Apart from iron and sulphur the only element identified by the 

analytical technique is manganese. Oxygen is assumed to be present 
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in the scale, though the technique is not capable of identifying 

its presence. That no chloride content of scales is indicated by 

the technique does not mean that chloride is not produced in corro­

sion products. In certain forms, chlorine may be removed as HCl 

gas during the degasing of the specimens in the electron probe 

chamber. Manganese_levels in scales formed on both alloys 43A 

and 50D follow the iron profiles, being formed only in the outer 

lOOµm of scale. Both scales formed on 43A and 50D contain 0.3% 

to 0.5% manganese, though the manganese contents of the base alloys 

differ significantly; 50D contains 1.27% Mn while 43A contains 

0.28% Mn • . 

It should be noted that the only specimens to form scales of uniform 

thickness durin·g exposure were of the Corten alloy. The data 

presented here for the other alloy relates to the localised mounds 

of corrosion products formed on the specimens exposed for 2 weeks. 
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4. ANALYSIS AND DISCUSSION OF RESULTS 

4.1 Correlation of Electrochemical and Gravimetric Corrosion Data 

The gravimetric data can be directly related to the amount of metal 

lost from a corroding surface. For this reason it is that against 

which the various electrochemically obtained estimates of corrosion 

rate are to be compared. In Fig. 4.1 the results obtained using 

the various corrosion rate assessing techniques are graphically 

displayed. From the figure it appears that the data obtained by 

the galvanostatic reduction techniques does not even broadly 

correlate with that obtained using the other techniques. While 

the general indication of the data is that corrosion rates increase 

slightly with time, over the 6 month period of exposure, the galvano­

static data indicates a substantial increase in corrosion resistance 

of the alloys. This increase is particularly apparent towards the 

end of the exposure period. It was noted in Chapter 3 that during 

galvanostatic reduction cracking, blistering and spalling of the 

scales took place. From the marked difference between the results 

predicted by the galvanostatic reduction technique and those 

gravimetrically obtained, it would appear that increases in exposure 

time result in increases in reduction time (i.e. in the resistance 

of scales formed;to cathodic reduction). This effect may be due to 

a1. decrease in the number or density of inhomogeneities in the 

scales, capable of producing scale breakdown under cathodic polariza-
. . · . ( 49) 

tion conditions • 

. d . k f L ul (lO?) d · · In the cathodic re uction wor o ega t re uction times for 

scales formed on steels exposed to the atmosphere were measured. 

These times were found to be proportional to exposure times for most 

steels. The exceptions revealed in Legault's work were the steels 

containing in excess of 0.3% copper. This concentration coincides 

with the room temperature solubility limit of copper in ferrite 

allowing the anomalous effect to be related to the inhomogeneous 

nature of the copper containing steels. In contrast, the splash-zone 

data obtained in this work reveals the non-copper containing steels 

to be the ones exhibiting high reduction times. 
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The cathodic reduction work carried out by Okada( 54 ) relates reduction 

times to the cherriica,l composition of the corrosion products. Different 

reduction times he associates with the degree of depolarization of the 

cathodic kinetics, as revealed by potnetiostatic polarization plots. 

The distribution of iron through the scales formed on scales exposed 

to the coastal splash-zone, recorded in Table 3.9, indicates that the 

chemical composition of the scales formed on the copper-containing 

Corten alloy differs from that of those formed on the alloys 43A 

and SOD. It also indicates high void densities in the scales formed 

on alloys 43A and SOD. This physical feature of the scales could 

be a secondary factor capable of explaining the lack of correlation 

between galvanostatic reduction and gravimetric data. No attempt 

to degas scales prior to reduction was made; the scouring effect of 
...___ I 

the nitrogen being relied upon to remove the dissolved oxygen. 

Should the porous scales retain oxygen, the reduction of this oxygen 

could be one of the cathodic reactions taking place durir.g the 

galvanostatic reduction process. The effect of this additional 

reaction would be to extend reduction times for the more porous of 

the scales. Such a reduction process cannot account for the total 
-2 

charge passed during the reduction process. Passage of lmA cm over 

the 0.7 cm2 surface, for l hour,would raise the pH of the 0.2 1 of 

electrolyte as the system is not well buffered. Such pH changes 

did not occur during the cathodic r·eduction tests. 

Ideally cathodic reduction times should relate to scale thickness 

by Faraday's Law. Knowing the approximate thickness of scales and 

assuming them to be composed of magnetite, it is possible to estimate 

the order of time required to reduce a corrosion deposit completely( 49 ). 

Assuming the magnetite to be reduced in accordance with the equation 

Fe
3
o

4 
+ 8 H+ +Be~ 3Fe + 4H 20. 

-2 2 -3 -2 
at a rate of lmA cm for 1 hour, 10 g cm ;-:would be lost from the 

-3 
surface every hcur. Assuming an oxide density of lg cm leads to a 

prediction of 10}.lill scale thinning per hour. At this rate of reduction 

50 hours would be required to totally reduce the scales. For a system 

with a Farada icefficiency of .100% only of the order of 2% of the 

scale would be reduced during the cathodic reduction process. 
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Using Okada's results and assuming the same reduction reaction, the 

calculation indicates that 40% of the scale is reduced(G4 )_ The 

atmospherically formed scales used in Okada's work were noted to be 

substantially thinner, at lOµm than the SOOµm scales produced in this 

work by exposure at both the coastal and the deep-water site. It 

was noted in Chapter· 3 that the scales formed in the splash-zone 

simulator were thinner and substantially less uniform than those 

formed on site. In accordance with the nature of these scales, 

reduction times were found to be short and varied. 

It is not possible to compare the results obtained by Legault in 

this way, as he makes no note of the thickness of the atmospherically 

formed scales(lO?)_ As reduction times of the order of twice those 

noted here were recorded in his work, the scales formed after 6 month's 

exposure to Legault~ industrial atmosphere appear to display resistance 

to reduction . similar to those recorded in this work. 

The polarization resistance values indicate a general increase in 

corrosion rates over the 6 month eA1)0Sure period. This is in 

accordance with the gravimetrically obtained corrosion rate data. 

Inserting Tafel slopes into the Stern-Geary equation suggests that 

the product of measured corrosion rates and pseudo resistance values 
. . h : . d" d b h. (ll2) (100 h 2 is almost ten times tat pre icte y t eory o rn cm compared 

with the predicted 10 ohm cm2). · rt was noted in section 2.2.7 that 

scales formed on specimens could lead to anomalously high pseudo 

resistance values. The resistance values predicted from the potentio­

statically obtained polarization data are much lower than those 

required to make the measured polarization resistance values comply 

with the theoretical values. There are a number of other aspects of 

the polarization behaviour of the scaled steels in the region of the 

corrosion potential which must be taken into account if corrosion 

currents are to be accurately obtained from the measurements made(ll9 )_ 

Scan directions were noted, in section 3.2.5, to affect the form of 

polarization plots • . As repetition of the plots produced identical 

potential to current relationships, the effect would appear not to be 

due to any irreversible change in ·the condition of the specimen. 

Gellings notes the importance of the relative areas supporting the anodic 
. (119) 

and cathodic reactions If a substantial change in the areas 

supporting the electrode reactions is responsible for the effect noted 
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the system no longer conforms to the classical system considered by 

Ste~-n and Geary(ll2). Th . t t t b L eir rea men s assume current to e propor-

tional to current densities over the potential region considered. 

In order to overcome possible undesirable effects caused by polariz­

ation of specimens specific electrochemical techniques exist. Pulse 

techniques overcome many of the problems associated with time 

dependent changes, by polarizing specimens for such short periods 

of time as to avoid any effects other than those due to resistance 

and activation polarization. With the use of such techniques 

specimens can remain at their corrosion potential for all but the 

period of the pulse. As the corrosion potential of the scaled 

steel appears to depend on whether they are approached from the noble 

o~ the base direction, pulse techniques do not provide a complete 

answer to the problems encountered here. 

In order to show that changes in relative anodic and cathodic areas 

are the cause of the deviation from the behaviour predicted by Stern 

and Geary, it is necessary to prove that areas are so potential 

sensitive (not only potential sensitive but also potential scan 

direction sensitive) as to suppress current changes to 10% of the 

·associated current density changes. Without a complete understanding 

of the reactions taking place at and around the corrosion potentials 

a more thorough an_alysis of the situation is not possible. Stern (l20) 
(115) and Wagner have shown that the influence of changes in relative 

surface areas on corrosion rates is particularly large when either the 

anodic or cathodic area is small. Reduction of the anodic area 

supporting the metal dissolution reaction, due to coverage of the 

active areas with corrosion products is one possible mechanism by 

which a small anodic area could be produced. This mechanism is in 

accordance with the high degree of anodic polarization noted in the 
. ( 49) 

potentiostatic plots . • 

No attempt can be made to directly correlate polarization resistance 

and gravimetric data. In addition to the complications introduced by 

the use of the polarization technique on scaled surfaces, seasonal 

variations in corrosion rates serve to further complicate corrosion 



behaviour. These variations result in instantaneous corro'sion rate 

measurements (polarization resistance values) differing from time 

averaged measurements (gravimetric values). 

The question of the degree to which measurements of corrosion rates 

made under laboratory conditions relate to corrosion rates experienced 

on site will be discussed later in section 4.3.1. 

As a formal attempt to estimate corrosion currents, the Tafel extra­

polation technique used here can, at best, be described as 'inaccurate'. 

Anodic and cathodic estimates differing by a factor of 20 in one case 

(6 month's exposure of alloy 43A) and typically by a factor of 5. 

Fisherman uses a different Tafel extrapolation technique, defining 

the corrosion potential as that at which the anodic and cathodic 
• • ( 40)" A h. . • • extrapolations intersect • s t is results in a single estimate 

of the corrosion current it overcomes the problem of the discrepancies 

between anodic and cathodic values. That the corrosion currents 

predicted by cathodic and anodic extrapolation differ ·indicates that 

the corrosion potential is not that at which two activation controlled 

reactions (one anodic and one cathodic) exhibit the same electrode 

current. Attempts to measure polarization resistance, as discussed 

earlier, led to the same conclusion. This discrepancy is noted to 

catho<lically predict higher corrosion currents than it does anodically. 

This indicates that the measured corrosion potential is base of that 

predicted by Tafel extrapolation. In the aerated electrolyte freshly 

pickled specimens settle to corrosion potentials close to those pre­

dicted by Tafel extrapolation, indicating that the discrepancy is a 

function of the change brought about by exposure to the corrosive 

env ir·onment • 

The anodic predictions of corrosion currents for clean steel surfaces 

obtained from data obtained in deaerated electrolytes exceed those 

obtained cathodically. This is almost certainly due to traces of 
-1 

oxygen in the electrolyte. An oxygen .concentration of 0.1 mg 1 

(less than. the minimum measurable ' on the oxygen meter) could be expected 

d d . ff . ( 31 ) h · to produce a current of 0.lmA, ue to oxygen i usion • T is 

estimate is based on the 5 to 8mA currents produced by oxygen diffusion 
-1 

to clean surfaces in the aerated (7mg 1 ) electrolyte. From this it 

can be inferred that, though not recorded on the oxygen meter, oxygen 
-l . h d d levels of up to ·o.lmg 1 occurred in t e earate electrolyte, 

resulting in anomalously high (noble) corrosion potentials • . 
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The Tafel extrapolation technique does not appear to be an · accurate 

mtthod of assessing cqrrosion currents. Polarization data was not 

obtained for all periods of site expos ure for this reason. It is 

interesting to note that the corrosion current predictions produced 

by anodic and cathodic extrapolation, in both aerated and deaerated 

electrolytes, as Table 4.1 indicatess increase with exposure time. 

This is ih line with the general trend predicted by the gravimetric 

and polarization resistance rtsults. 

TABLE 4.1 

Estimates of Corrosion Currents Obtained by Anodic and Cathodic 

Tafel Extrapolation in Aerated and Deaerated Solutions. 

Time of Estimates of Corrosion Current Densities -2 (mA cm ) 
Exposure 

(months) 
Corten 43A SOD 

anodic cathodic anodic cathodic anodic cathodic 

6 Aerated 0.3 1.0 0.1 0.8 0.4 2.0 
electrolyte 

4 Aerated 
electrolyte 0.2 0.7 0.04 0.9 0.05 0.5 

1 Aerated 0.2 0.6 0.25 0.6 - -
electrolyte 

- --1--------
6 Deaerated 0.1 0.5 0.08 1.5 0.4 1.3 

electrolyte 

4 Deaerated 0.2 0.9 
electrolyte 

0.03 0.6 . 0.1 0.5 

1 Deaerated 0.1 0.2 0.25 0.4 - -
electrolyte 

I - -
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4.2 Nature of Test Sites 

During the periods for which specimens were exposed on site attempts 

were made to measure the variables considered likely to affect the 

corrosion behaviour of steels( 42 , 45 )_ Few details of the deep-water 

Those obtained cannot be stated with any site could be obtained. 

degree of accuracy. During the 155 days exposure period the major 

climatic features were sustained winds from the north (5° orth) 

resulting in waves in excess of 100 feet. In terms of wave heights the 

site is one of the most sever·e of those undergoing petrochemical 

1 . . (l) W f 11 o . exp 01tat1on • ater temperatures e to 3 C in November. When 

retrieved,specimens were found to show no signs of fouling. The 

height of the exposure site above mean tide level could account for 

h
. ( 4, 73) 

t 1S • 

At the coastal site a more detailed analysis of conditions was performed. 

The specimen exposure period spanned the whole of the summer, from mid­

March (maximum air temperature of 5°C) through July (maximum air 

temperature of 25°C) to September (maximum air temperature of 10°c). 

Details of air temperature variations are contained in Fig. 4.2. 

Data relating to wind speeds was to be analysed in terms of the 

eastern or· seaward component. It has been shown that winds blowing 

from seawards can greatly affect the transport of spray inland< 42 ). 

Fig. 4.3 contains the wind speed data in non-vectorial form, fer the 

coastal exposure period. The vectorial analysis was not performed as, 

during the whole ·6 month period,on only 1 day did the wind have both 

a velocity in excess of 10 knots and a significantly eastern component 

(3.5,77 a wind speed of 10.7 knots and direction of 90°N). During the 

following single month exposure period such winds were noted on 2 dates 
0 

(24.9.77 a wind speed of 11.l knots from 13 N and on 25.8.77 a wind 

of 14.1 knots from 13°N). The three high wind periods marked in 

Fig. 4.3 were from approximately 17°N, 34°N and 20°N, as labelled in 

the figure. 

The association between wave heights and wind speeds has been well 

documented in relation to surface waves formed at deep-water sites(
121 >. 

The relationships between coastal breaking waves and the environment 

have not been so thoroughly studied. For this reason data is presented 
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only in terms of wind speeds and not in terms of wave heights for the 

coastal exposure site. Ne attempt to ~easure wave heights directly 

\-,as made . 

The coastal water was found to exhibit a constant pH of 8.3 and a 

chlorinity of 16 ppt. Deep-sea surface waters are typically of pH 8.2 

20 h . . . (l 5) Wh · 1 h . and 18 to ppt c .lorini ty • 1. e t e influx of fresh water from 

the river Don may be responsible for the slightly low chlorinity, 

a substantial mixing of the fresh water does not appear to take place, 

as this would result in a pH value below 8.2(l?)• 

Persistent rain was experienced during the first 2 months of coastal 

exposure, followed by a dry period towards the end of May. From May 

to late August periods of rain lasted of the order of 10 days, with 

separation of about 10 days. Fig. 4.4 contains the rainfall data 

for the total period of the site tests. · The daily rain figures are 

separated into day and night figures,as rain falling during the hours 

of sun can be expected to evaporate more rapidly than that falling 

during the hours of darkness. Rates of evaporation of electrolytes 

from corroding surfaces has been found to be of importance when con-
. . (42) 

sideri~g atmospheric corrosion rates 

Relating pericds of rainfall to the tidal cycle could prove to be of 

value, but is beyond the scope of tr.e resources available for the 

meteorological work. 
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4.3 CoastaI Expos ure 

4.3.l Effect of variables on corrosion rates. 

When measured in terrr.s of monthly weight losses of steels, corrosion 

rates show a similar pattern of behaviour to that of the maximum 

daily temperature, fer the 6 month exposure period. Fig. 4.5 shows 

the two sets of data on a common time axis. 

The coITosion rates and air temperatures over the 6 months do not 

appear to be related by any well defined mathematical function. If 

the mean coITosion rates of the three ·alloys is taken as a measure 

of the corrosivity of the environment, it can be seen that the short 

warm spells (maximum temperatures in excess of 20°c) during the third 

month and at the end of the fourth correspond to the two periods of 

highest corrosion rates. 

For the first 30 days of exposure tempe~atures failed to reach 15°c , 
winds blew from the south, rain fell persistently and corrosion 

-1 
rates of the order of 0.5mm yr were recorded for the three alloys. 

Over the next 30 day period the winds dropped slightly ,the temperature 

reached 15°c on two days but the rainfall increased. On day 56 of 

the exposure test the second set of specimens was retrieved. These 
-1 

indicated corrosion rates of around 0.3mm yr during the second month 

of exposure. 

This form of reduction in corrosion rates with time of exposure has 

been noted in many atmospheric corrosion tests, though longer exposure 

times are required to evaluate the corrosion resistant characteristics 
. h . (66) 

imposed on speci~ens by t eir exposure 

Even after short periods of exposure (2 to 3 days) atmospheric corrosion 
.. (43) 

rates of steels have been noted to fall with time of exposure • 

Work relating long sea water exposure times :to ·substan-

tial reductions in corrosion rates exist and are explained in terms of 

reduced rates of diffusion of oxygen and water to corroding surface/ 31 ,33). 

The numerous theories relating the corrosion resistance of steels to 

the oxides formed on their surfaces were discussed in section 1.2.3. 

The similarities between the corrosion experienced at the coastal site 

and atmospheric corrosion are evident in the early stages of exposure, 

bearl.·ng Carten alloy is found to corrode at less than as the copper 
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80% the rate of alloys 43A or SOD, much the same as it does under 

h 
. . d. . ( 58) atmosp eric exposure con itions • 

During the September exposure period the rain abated for 10 days in 

mid month. During this dry spell temperatures fell to a daily maximum 

of 7°c. Daily maximums at the beginning and end of the month were 

around 12°c. Winds rose in mid month, reaching over 20 knots during 

the final days of exposure. Under these weather conditions the steels 

were found to corrode at less than 0.3mm yr-l Again Corten suffered 

substantially less attack than did the alloy 43A. During this period 

a specimen of pure iron was exposed. The corrosion rate of the pure 

iron was found to be very similar to that of the Corten specimen. This 

result gives a degree of credence to the theories of Buck( 7a)and 
(77) 

Larrabee , who suggest that the prime role of copper in the corrosion 

of low-alloy steels is to reduce the deleterious effects of sulphur. 

As the same procedures were observed when specimens were exposed in 

March 1977 and September 1977, the reduced corrosion rates experienced 

during September would appear to be a function -of the environment. In 

addition to the meteorological variables noted above, the tidal 

conditions alsc changed at the exposure site. The March specimens 

were exposed when high tide was O.Sm above the mean high tide level, 

while the September specimens were exposed when the higl_i tide reached 

0.6m below the mean high tide level. Thus the March specimens were 

subjected to high tides above the mean value for the first week of 

exposure, while the specimens exposed in September- experienced an 

initial week of high tides below the mean value. 

The wind and temperature conditions during the latter exposure period 

all caused specimen surfaces to dry rapidly. The rain and tidal 

conditions caused specimen surfaces to be wet less, and for shorter 

periods of time during the initial week of exposure in September. 

During the month from 20.3.77 to 17.4.77 specimens could not be 

expected to form less porous, more protective corrosion products, 

providing that they dried out enough to cause suitable plug f~rma~ 

t . Long dry. ing times are necessary to allow precipitation of ion • . 
corrosion products< 42 ) As substantial drying does not appear to 

have taken place during this period, the corrosion products formed 

would be expected to resemble those due to aqueous immersion, which 
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. h . (1,4,49) 
are not in erently protective • It is interesting .to note 

that initially wet conditions have been noted to lead to initially 

high atmospheric corrosion rates, though once protective corrosion 

products are formed, the more humid atmospheric conditions result in 
( 42) lower corrosion rates . 

Continuation of the exposure of the wetter specimens for the second 

month resulted in a reduction in corrosion rates. Weather conditions 

remained stable for the second month and it can only be assurr.ed that 

the corrosion products became more protective. The Corten specimen 

maintained its enhanced corrosion resistance over the other alloy 

steels. 

The third month of coastal exposure coincided with the start of a 

wind-free, rain-free period, during which temperatures rose from 14°c 

to 24°c maximum daily values. Alloys SOD and 43A corroded at around 
-1 . . 

0.9rrm yr during this period. The corten corrosion rate reached 
-1 

O. 7mm yr Corrosion rates for· alloys 43A and SOD reached a maximum 

during the fourth month period, while Carten took longer to reach its 
-1 

peak corrosion rate of over 1 mm yr • 

Chandler and Stanners r,evealed that atmospherically exposed steel 

specimens corroded at a maximum annual rate in the July/Septerrber 

period( 59 ). They suggest that tr.is is due to a nUJrber of environmental 

factors; pr-imarily rainfall ·and so2 content of the air. The high 

corrosion rates are noted to be brought about by spalling of corrosion 

products. In the work outlined here the increase in temperature in 

the sumrr.er appears to . be a primary factor, as variations in corrosion 

rates and variations in temperature both follo~ similar patterns. 

The Carten specimens suffered the increase in corrosion rc1tes at a 

later date than did the other alloys. This delay in the onset of 

summer-time corrosion has been noted in specirr.ens exposec. to the 
(58) 

industrial atmosphere . In the final month of exposure the Carten 

was found to corrode at a much lower rate than did alloys 1~3A or 

SOD. Though it is not revealed in the standard deviation displayed 

in Fig. 3.6 the accuracy with which the corrosion rates of the Carten 

alloy can be rr.easured during this final month must be in doubt, due 

to the small difference in the mean corrosion rates experienced over 

the full 5 and 6 month periods, from which this value is derived. 
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The enhanced corrosion resistance may be due to the onset of a wet 

period coinciding with a reduction in the atmospheric temperature. 

As alloy 43A corroded at a similarly low rate during the preceding 

month (month 5) a more plausible explanation is found in the theory 

of summer~time spalling of corrosion products( 59
) , · after which 

fresh corrosion produc~~ are formed in the spalled regions( 54 )_ 

The potentiostatic polariz2tion data produced after 4 and 6 months 

exposure do not differ greatly. The gravimetric data discussed above 

suggests that the corrosion characteristics of the specimens on site 

during months 4 and 6 are different~ corrosion rates of Corten during 

month 4 being around ten times those experienced during month 6. 

From the polarization data displayed in Table · 3:5· it can be seen that 

the cathodic kinetics are very similar for specimens produced by 4 and 

6 months coastal exposure of alloy Cor.ten. The specimen retrieved 

after 4 months exposure shows more highly polarized anodic kinetics. 
'" 

An over·-e·stimate of the corrosion rates _e).q)erienced on site is obtained .. 
by these techniques. Polarization data obtained in the aerated 

electrolyte differs little from that obtained in the deaerated electro­

lyte. From these observations it can only be concluded that, the two 

specimens being so similar, the variations in corrosion rates experienced 

on site are, to some extent, due to changes in the environmental 

variables such as time of wettness than to changes in the steel or its 

surface. The near identical kinetics of specimens polarized in aerated 

and deaerated electrolytes indicates that the oxygen reduction reaction 

does not play a significant part in the cathodic behaviour of the 

corroded specimen in the polarization cell (i.e. immersed in synthetic 

sea water). Okada found 5 years atmospheric exposure to be required 

before this independence of oxygen was revealed by weathering steels. 

xh 'b' h h ( 6 4 ) . Ok d ' Mild steels were not found toe i it t e p enomenon • a as work 

was performed in 3% sodium chloride solution. The cathodic reaction 

suggested as an alternative to the oxygen reduction reaction for steels 

exposed in 3% sodium chloride after lor.g periods of atmospheric exposure 

is that of scale reduction. Such a reaction may occur during the wet 

period of splash-zone corrosion, but the corrosion processes are not 

steady-state processes. 
. . ( 42) 

wet conditions Wet 

made between the various 

Different reactions take place during dry and 

laboratory tests can al~ow comparisons to be 

steels in the various stages of the corrosion 
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cycle. 

Polarization plots were produced in deaerated solutions in order to gain 

an under·standing of the influence of oxygen levels on the aqueous 

corrosion rates. From the literature studied prior to planning the 

polarization work, it • was evident that the major• difference between 

splash-1 one exposure of steels and exposure below the tidal level 
. th h. ,.._ 1 · h · · ( 8 5 ) is e ig1:er spas -zone oxygen activity • From the results obtained 

for all three alloys it would appear that the degree of aeration of 

the electro~yte has little effect on the polarization behaviour of 

the corroded metals exposed to it. 

Table 4.2 indicates the corrosion rates of low-alloy and mild steels 

expocec. to atmospheric,immersed and tidal conditions. These are far 

lower than those indicated by the potentiostatic data produced for the 

alloystested here, in aerated or deaerated synthetic sea-water. From 

this finding it would appear that the processes taking place under 

potentiostatic polarization conditions differ from those taking place 

on site. Okada's polarization data, outlined in Fig. 4.6,also indicated 

h h · ,.._ · ( 64 ) H. h d. 1 h t ese ig1" corrosion rates • is cat o ic pots suggest tat 

cathodic depolarization is the major cause of the high values. From 

this it appears that the scale reduction reaction suggested by Okada 

is taking place dur·ing potentiostatic polarization (Le. the corrosion 

products are being cathodically reduced). The cathodic reduction 

reaction proposed by Okada is:-

3Fe00H + e ~ Fe
3
o4 + H20 + OH 

This may occur during polar·ization but with the suggested anodic r·eaction 

being:-

Fe F 2+ 2-·· e + s 

Electronic neutrality requires the FeOOH to be reduced at a faster 

rate than it is produced; not an acceptable description of a long term 

corrosion process. As Fig. 4,6 indicates, tte fo:rim of the polarization 

plots produced here is very sindlar to that of those produced by Okada. 

Assuming the form of the plots to indicate that similar• cathodic 

reactions take place, it would appear that the dissolution current 

indicated by the extrapolation technique is not a corrosion current. 

It would appear to be a measure of the reducibility of the corrosion 

product. Table 4.2 indicates that the corrosion rates are an order of 

magnitude lower than these corrosion product reduction rates. It is 
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not therefore possible to conclude that oxygen reduction does not 

take place at rates sufficient to support the corrosion of steels, 

or,ly that it takes place at rates much lm-:er than the scale reduction 

rate. 

TABLL 4.2 

Comparison of Corrosion Rates Calculated from Gravimetric and Tafel 

Extrapolation Data. 

Alloy Corten 43A SOD 
-·- ·-·-

Exposure Time l i i 
(months) 

er corr er corr er corr ·--- --
6 0.1 12 0.7 9 0.7 23 

4 1.1 8 0.8 10 0 . . 9 6 

1 0.3 7 0.3 7 - -
----- ·-· 

,_5-_____ 

er= corrosion rate in mm yr-l obtained gravimetri.cally. 

icorr = corrosion rate in mm yr-l obtained by cathodic Tafel 
extrapolation in aerated electrolyte. 

The physical nature of the splash-zone leads to a cyclic corrosion 

process. · Based on the assumption that the sir!'ilarity of the forms of 

the potentiostatic data produced here and by Okad?, indicate ~hat the 

same electrochemical reactions are taking place, reduction of FeOOH 

to re
3
o

4 
is proposed as the principal cathodic reaction taking place 

during the wet period of the splash-zone cycle. For this system to be 

electronically balanced by metal dissolution requires the reduction of 
2+ 

6 FeOOH for each Fe produced. 

The findings of a number of workers indicate that the behaviour of 

steels in the splash-zone is essentially different from that noted 
(64- 8'=" 

either above or below it (i.e. atmospheric or tidal corrosion) '
0

✓• 

One noteworthy illustration of this difference from the work of 

Takamura is the manner in which splash-zone corrosion rates experienced 

during the first 6 months of 

during the second 6 months. 

were found to decrease with 

exposure are lower than those experienced 

At all other marine leveJs>corrosion rates 

. ( 55 ) d t th f · exposur·e time ue o e ormation of 

protectivE: corrosion products. 
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The seasonal fluctuations in corrosior. rates, as indicated· by the 

gravimetric data reported in section 3.2.1, do not allow general 

trends to be observed. Extending the above hypothesis . that splash­

zone corrosion is cyclic and that a scale reduction reaction takes 

place during the wet period of the cycle, it would appear that the 

corrosion ra.tes of scaled steels are related to the ratio of wet periods 

to dry periods; the scale never becoming protective in the manner of 

scales formed in the atmosphere. That splash-zone exposed steels 

pr·oduce thicker scales than those produced on atmospheric alloy 

d 1 . . d" . f h" (63 ) S h expose stee sis in icative o · t is • uc a theory could be used 

to explain the minimal difference between polarization plots produced 

after 4 and 6 months' exposure while not contradicting the differences 

in weight losses. 

4.3.2 Effect of coastal variables on corrosion products. 

The optical micrograph evidence presented in section 3.2.6 shows that 
t ~ 

the structure of 4-ffionth coastally-formed scales produced on alloys 

50D and Carten differ. This indicates that the composition of a low 

alloy steel affects the manner in which corrosion products form under 

coastal exposure conditions. Electron probe microanalytical data 

presented in section 3.2.7 shows that the corrosion products formed 

on alloy •43A and 50D are dissimilar. This is despite the similar 

optical appearance of the scales. In addition the electron probe 

data reveals changes in corrosion products formed with time. Not 

unreasonably,the major works on aqueous corrosion of low-alloy steels 

show that corrosion products are based on oxides, hydroxides and 
. (43,53,55) h h . . . h . oxyhydroxides of iron T us t e variation in t e iron count 

through layers of corrosion product can be used as an indicator of 

variations in the compos ition of the major corrosion products. The 

succession of peaks and troughs in the iron counts for• alloys 43A 

and 50D _after 6 months' exposure are indicative of a multi-layered 

scale formation of the type shown in the micrograph of the scale formed 

by 5 months exposure of alloy 50D to the coastal atmosphere. The 

duplex structure of the scales formed on the Carten alloy is also 

evident from both the electron probe data and the appearance of the 

microsection. Data relating to the distribution of iron through the 

scale formed on alloy 43A after a single rr,onth exposure bears little 

resemblance to that relating to a similar specimen after 6 months of 

170 



exposure, From the data produced after l month it appears that the 

major constituent of the corrosion product contains of the order of 

50% iron. This layer of corrosion product appears to be only loosely 

attached to the thin inner layer, which has a substantially lower iron 

level. The electron probe data produced in section 3,2,7 describes 

an area in which the two scales are not attached, there being a sub-

stantial void between the two layers, Such voids could be produced 
. ( 69) 

by the drying of corrosion products • During moist exposure 

periods the void would be filled with corrosion product saturated 

electrolyte, as are even the minute pores of protective oxides 
. · (66) 

formed on atmospherically exposed steels • Electron probe micro-

analysis being performed in vacuum, the low alloy peak at the scale 

alloy interface could well be the precipitate remaining after evapora­

tion of the electrolyte, The chlorine located in this region can be 

related to this theory; the precipitation remaining after evaporation 

of sea water being of a high chlorine content, No attempt was made 

to identify sodium which would also be contained in such a 

precipitate. 

The interfacial iron count produced by electron probe microanalysis 

of the specimen of Carten exposed for l month reveals a different 

behaviour. With an iron count reduced to 40%.from a bulk value of 

above 50%, two of the alloying elements, namely chromium and manganese, 

are shown to be present at the scale/alley interface. The chromiurri 

level is substantially higher than that of the alloy. This concentra­

tion indicated preferred oxidation of the chromium; a metal which 
. d. . ( 122) h . . readily passivates under aqueous con itions T ere is no evidence 

to suggest that these alloying additions diffuse into the scales. A 

peculiar feature of the scale formed on this Carten specimen is its 

high (23i) chlorine content. The uniformity of the electron probe 

data implies that the scale is relatively void-free, indicating that 

the chlorine is not produced by electrolyte precipitation as suggested 

in the case of the 43A scale. From this data it would appear that a 

stable compound containing chlorine and iron forms : the basis of the 

corrosion product. 

For comparative purposes, electron probe microanalysis was performed 

on scale formed on a pure iron specirren after exposure for a single 
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1nonth. The iron plot illustrated in fig. 4. 7 is that of a ·scale with 

a simplex micr-ostructure, containing a high void density at the inner 

regions. As with Corten, the iron count exceeds 50% away from the 

voids, but the chlorine present exists only in the voids and at the 

scale surface. This chlorine distributicn suggests that it is 

produced by precipitation of the electrolyte after removal from the 

moist environment. As rio elements other than iron and chlorine were 

located in the scale, it appears that the pure iron produces a scale 

composed of an oxide or similar compount (not a chloride) of iron. 

It has been suggested that the sulphur content of steels such as 43A 

is responsible for their inferior corrosion resistance when compared 
. h . (55,77,78) A h with tat of pure iron • s t e only sulphur located in 

the scales formed on 43A alloy after 1 month of exposure was at the 

scale surface, it would appear that it originated from the envh,on­

ment and cannot be cited as a cause of the higher 43A corrosion 
. ( 54) 

rate • · 

The chlorine content of the scale formed on alloy 43A after 1 month 

was low and measurable only at the scale/alloy interface and at the 

scale surface where iron levels fell below those of the bulk scale. 

This indicates the chlorine to be present as a result of precipitation 

during evaporation of the electrolyte, as is suggested here for the 

chlorine contained in the scale formed on pure iron under the same 

exposure conditions. Of the alloying additions made to Corten, 

manganese, phosphorus, copper and chromium appear to be present in 

the scale. The copper is distributed uniformly though the scale formed 

after 1 month of exposure at the coastal site. Its concentration is 

less than half the copper concentration of the alloy. As the iron 

content of the scale is also of the order of half the alloy concentra­

tion, it is evident that the copper has not been preferentially removed 

from the alloy. After 6_ months' exposure the duplex scale formed was 

found to contain no chlorine. As the electron probe scan was taken 

through a duplex region of the scale, the lack .of chlorine cannot be 

due to the analysis being performed on only a single layer of the 

scale. 

High chromium concentrations were noted at scale/alloy interfaces 

after 1 and 6 months exposure of Corten. The chromium concentrations 
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in the scales exceed -·those of the parent material. This suggests 

that preferred oxidation of chromium is possibly responsible for the 

profiles produced. T~o factors indicate that the chromium originates 

from direct oxidation of the alloy and not from reprecipitiation of 

corrosion products. One is the readiness of chromium to direct oxidize 

in ;moist air. This reaction on chromium containing steels is well 

documented( 23 >_ The lack of a void at the metal/scale interface is 

the second factor. This continuity of oxide at the interface means 

that substantial quantities of electrolyte were not present at the 

scale/metal interface during exposure. Evaporation of such void­

filling electrolytes was suggested earlier as the cause of the high 

chlorine levels found in other scales. 

Initially, after a single month coastal exposure, manganese was located 

only at the scale/alloy interface of Corten specimens. After 6 months' 

exposure concentrations of this element were found to be relatively 

uniform throughout the scale, though low compared with the interfacial 

value noted after 1 month exposure. Alloy 43A did not exhfubit the 

initially high interfacial concentration, manganese profiles being 

relatively ur.iform after 1 and 6 months exposure. . The. distribution 

of manganese formed in scales formed on Carten follows the distribution 

of chlorine -is of interest, since a number ,. of ·workers have found · manganese 

to be beneficial in reducing the col".rosion of marine-exposed low-_allcy 
· . h ( 42 ' 65 ) Th . h . f . steels in the marine atmosp ere • - · e mec anism o protection 

is associated with the interaction of chlorine and manganese, but does 

not appear to be fully understood. Takamura shows the effect of 

manganese to be diminished as the exposure level lowers, being substantial 
(65) 

in the upper splash-zone and negligible in the tidal-zone • The 

electron probe data reported here suggests that the manganese acts 

as a chlorine 'getter'; the two elements being located in the same 

regions of the scale • . 

The literature sheds no light on the role of silicon in the marine 

corrosion of low-alloy steels. As few low-alloy steels contain 

significant quantities of silicon, Schultz concludes that it does not 

play a significant role in the service behaviour of alloys(la)_ 

Electron probe data presented here shows silicon to be associated with 

chlorine. This indicates that silicon does play a role in the marine 
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corrosion behavicur of low-alloy steels. The concentration of silicon 

on the inner of the duplex layers of corrosion product indicates the 

element originates from the alloy and not from the environment. The 

high silicon level at the scale/alloy interface of the void-free scale 

indicates tha:tthe silicon has an effect on the anodic reaction; it 

being suggested earlier that the anodic dissolution reaction takes 

place at the metal surface. (This assumption is not unreasonable, since 

for the dissolution to take place at any other location)iron would have 

to be transported through the scale prior to dissolution.) 

It was proposed in section 4.3.1 that corrosion products formed under 

coastal exposure conditions would stifle anodic dissolution of iron, 

while having little effect on the cathodic re_duction of the scale, 

The interfacial layer formed on the Corten alloy contains a high chromium 

level. Chromium forms oxides with high ionic resistances and low 

electronic resistances, allowing cathodic reactions to take place in 

the scale while blocking anodic dissolution of the base alloy(123 ). 

Thus the Corten scales do appear to be formed in such a way as to be 

capable of producing the effects noted in section 4.3.1. In order to 

obtain true passive behaviour,a higher chromium level than that produced 

would be required(S2) 1 Estimates of anodic resistance obtained from 

analysis of anodic polarization data, as displayed in Table 3.5, 

show Corten specimens tc exhibit lower resistance than the other alloys. 

This rules out any significant effect of chromium passivation, but 

does not necessarily mean that chromium has no effect on the anodic 

behaviour of the alloy. 

If passivation of the alloys is the cause of the noted anodic behaviour 

the passivating oxide formed on alloy 43A, pure iron and SOD could only 

be oxides of iron. The radical difference noted by other workers 

between el cctrolytes contained within corrosion pr•oduct and bl{lk 
. . (66,67) h . 

electrolytes could be such as to caus e passivation • Te high 

prec i pitated chloride levels located by electron pr·obe microanalysi s 

suggest that passivation is not the anodic mechanism; chlorine having 

a deleterious effect on passive steel surfaces. 

A proposed mechanism of corrosion of the specimens has been outlined 

here; this involves the anodic dissolution reaction taking place under 

· ~oduct at the metal/scale interface. Fe2+ i·ons the aqueous corrosion PL 

175 



thus produced would raise the concentration in the local electrolyte, 

retarding the anodic dissolution rate and resulting in precipitation. 

The combined effects of locally high Fe
2

+ levels, of reduced areas of 

steel exposed to the electrolyte due to corrosion product precipitation 

and of reduced rates of diffusion of Fe
2+ into the bulk electrolyte 

due to the diffusion barrier effect of the thick corrosion product~all 

serve to stifle the anodic reaction. The proposed effect is that of 

anodic polarization. 

A specific cathodic reaction is not proposed, but it would appear to 

involve cathodic reduction of corrosion products during wet periods, 

with Okada's suggested reaction being one possibility( 54 )_ The 

cathodic reaction takes place at the oxide/electrolyte interface, 

which includes all the pore-walls of the corrosion product. While 

the electronic resistance of the corrosion product, local electrolyte 

concentration and diffusion of species through the electrolyte all 

serve to polarize the cathodic reaction, the substantial oxide surface 

available for the support of the reduction is proposed as the depolariz­

ing factor capable of counteracting the polarizing effects. In terms 

of this explanation, the cathodic polarization effect Okada observed 
(64) 

after 5 year exposure would appear to be a reduction in the pore-

wall surface available to support the cathodic reaction, i.e. pore­
(42) 

plugging along the lines proposed by Copson • 
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Deep-Water Site Tests 

4.4.1.Effect of variables on rate of corrosion. 

The most surprising aspect of the data obtained from specimens 

exposed at the deep-water test site is that of the low gravimetrically .... 

measured corrosion rates common to all three alloys. The corrosion 

rates compare favourably with those recorded at the coastal site. 

After the 155 days exposure period, the copper-bearing Corten steel 

was found to exhibit no advantage over either the 43A or 50D alloy. 
-1 

Corrosion rates over the period were all around 0.1 mm yr • This 

rate of corrosion compares favourably with those obtained at the less 

aggressive of the coastal locations cited in the literature. Over 

long periods of time atmospheric 
. b . d( 124 ) h"l f are o taine , w i eater a 

-1(65) 
rarely better 0.2mm yr . 

-1 corrosion rates of 0.025mm yr 

single year's exposure corrosion rates 

In order to understand the corrosion taking place at the deep-water 

site it is not only necessary to identify the difference between the 

deep-water test environment and the Aberdeen coastal environment, but 

it is also necessary to identify the difference between the deep­

water environment and the numerous coastal locations for which data 

is avail.able. 

The lack of data relating to the specific sea-water location necessitates 

the use of published data relating to general sea-waters. In the 

analysis of the literature contained in Chapter 1 it was concluded 

that the differences in the chemical composition of the non-coastal 

sea waters are marginal. Though a full analysis of the water at the 

coastal site was not performed . , the pH of 8.3 and the 16 ppt chlorinity 
' . f h 't . f th ( l 7 ) F can be taken as indicators o t e composi ion o e water • rom 

these values it can be concluded that the composition of the coastal 

water is quite similar to that of the open sea. It is, therefore, 

unlikely that the chemical composition of the sea water is responsible 

for the different behaviour noted at the two test sites. 

That fouling was not observed on specimens located at either test site 

does not mean that foulants are not prevalent in the waters. Heights 

of specimens above the mean-tide levels could well account for a lack 

h . h ' b' l . 1 t' 't ( 4 ) of fouling, even in waters of ig micro io ogica ac ivi y • 

177 



The height above mean-tide of specimens has a secondary, more pronounced 

effect on corrosion. It dictates the length of wet and dry periods 

of the exposure cycle to which specimens are subjected. While the 

coastally-exposed specimens were covered by sea water at approximately 

monthly intervals, when the tide ran high, they were also lapped by 

surface waves during most half-daily high tides and dry for over 24 hours 

when the tides ran low. In contrast the specimens exposed at the deep­

water site were affected little by tidal variations, due to their 

height above mean-tide level. During the exposure period the structure 

remained dry for a sufficient period of time for maintenance work to 

be carried out. This work included a substantial amount of painting. 

On a number of consecutive days waves continually broke over the 

specimens, never allowing them to dry. This long-term cycling experi­

enced by specimens located at the deep-water site (a number of days 

without wetting followed by days when wetting was nearly continuous 

and specimens were subjected to repeated buffeting) was not a function 

of any exposure test conditions discussed in Chapter 1. As this lack 

of reported work exists, the corrosion behaviour of the site exposed 

specimens cannot be directly compared with previous work. It is, 

therefore, only possible to view the corrosion data obtained in terms 

of the basic mechanisms of aqueous corrosion. A number of workers 

note time of occurrence and duration of periods of wetness of unprotected 

metal surfaces as prime environmental factors in controlling the 
. . f (42, 65,90) corrosion behaviour o steels • 

The combined effects of changes in water and air temperature can be 

expected to affect the corrosion behaviour of steels in a number of 

ways, as discussed in Chapter 1. The low temperatures, in association 

with long 'dry' periods must result in slow drying of corrosion products< 42 )_ 

The atmospheric theories of corrosion do not indicate the possible 

effect of the .1 wet' periods. In section 4.3 a correlation between 

corrosion rates and temperature was noted and thought to be due to 

breakdown of corrosion products. 

A further characteristic capable of increasing drying times and 

peculiar to the deep-water site, is the orientation of the specimens. 

Orientating the specimens face downwards ensures that the exposed surfaces 

will not be exposed to direct sunlight. · This orientation also ensures 

that water will not 'stand' on the corroding surfaces. The undersides 
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of atmospheric coastally exposed steels have been shown to suffer 

higher rates of corrosion than skyward facing surfaces. This effect 

is due to the washing away of deleterious material which only takes 

place on the upper surfaces of atmospherically-exposea specimens(G 9 )_ 

The motion of the surface sea-water ensures that the underside of 

the deep-water exposed specimens are periodically washed. 

As with the coastally-exposed specimens, potentiostatic polarization 

data obtained in aerated and in deaerated electrolyte reveals how 

the behaviour of the corroded steels is only marginally dependent on 

the oxygen level of the synthetic sea water. The cathodic depolariza­

tion of all the deep-water site exposed specimens noted in the 

aerated electrolyte is to be expected if oxygen reduction plays a 

part in the cathodic behaviour of the steels. The polarization of the 

anodic kinetics of site-exposed specimens exposed to aerated and deaerated 

synthetic sea water is not easily explained. An increase in pH 

brought about by the bubbling of air through the water, or a local 

increase due to oxygen r~duction, could cause the kinetics to become 

polarized in this way. Use of the Tafel extrapolation technique results 

in the over estimates of corrosion rates noted when the technique was 

used to assess the corrosion rates of the CO?Stally exposed ~pecimens. 

What is of interest is that the cathodic estimates are lower than those 

produced for the coastally exposed specimens, in keeping with the lower 

gravimetrically obtained corrosion rate measurements. Both polariza-

tion resistance and cathodic reduction processes produced results of 

the same order as those 

produced after 5 and 6 months' exposure to the coastal site. The 

longest reduction_ time was required for alloy 43A. As this was the 

case after 6 months coastal exposure~it does suggest that the alloy 

produces a scale with a reduction-resistant quality. 

4.4.2 , Effect of exposure on corrosion products 

Similarities in the structure of the scales formed at the coastal and 

deep-water site are evident from the micrographs presented in section 

3.2.6 and 3.3.6. Scales formed at both sites showed a duplex macro­

structure; the two constituentsoxides being of a crystalline appearance. 

The scales formed at the deep-water site are, in general, distinguished 

from those coastally formed by being of a uniform thickness. No 

evidence of mixing of the duplex layers of the Carten oxide layers is 



revealed by optical examination. From the electron probe data it 

appears that the inner ·oxide layer contains a .lower iron , 

concentration than does the outer. Though the optical evidence indicates 

that the 43A scale is of a duplex macrostructure, the electron probe 

data suggests an irregular multi-layer structure. The inner layer is 

thin, of the order of the width of a peak representing a single layer 

of the outer oxide. The inner of the scales could thus produce an 

electron probe peak indistinguishable from the other peaks of the 

probe scan. This would explain the discrepancy and indicate an iron 

concentration of between 20% and 50%. 

Chlorine levels differed from alloy to alloy, but precipitation at 

the scale/alloy interface or on the surface of the scales was not 

evident. The 10% chlorine in the 43A scale appeared to be located in 

the central section of the scale. The void density, as the micro­

section indicates, is particularly high in this region. This suggests 

that the chlorine could be present as a precipitate formed by the 

evaporation of electrolyte. Preparation of microsections necessarily 

involves disturbing the electrolyte residues and must bring the 

quantity of material measured by electron probe microanalysis into 

doubt. Coupled with this~the location of precipitates in voids 

further complicated the situation, as the rela.abiiity of electron 

probe data depends on the production of a metallographically-polished 

surface. 

The uniform distribution of chromium throyghout the duplex scale 

formed on Corten is in conflict with the passivation theory proposed 

in section 3.3.2 as a possible explanation of the behaviour of 

Corten at the coastal site. Though located in the scales formed on 

Corten after a single month's coastal exposure, and after 155 days 

deep-water site exposure, the distribution of copper differed markedly. 

After 6 months' coastal exposure copper was not located in the corro­

sion product. The theory of anodic passivation proposed by Tomashov 

to explain the behaviour of copper bearing steels in the atmosphere, 
. ( 106) 

requires precipitation of copper at the alloy/scale interface 

There is no evidence in the electron probe data to suggest any copper 

compounds precipitated at the interface during splash-zone corrosion. 

To produce the remarkably high silicon levels measured and recorded 

in Table 3.14 requires substantial preferred dissolution of silicon 
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from the steels. As the silicon levels contained in the steels around 

the scale/steel interfaces differ little from those in the parent 

metals examined prior to exposure, this theory does not appear plausible. 

Preferred dissolution of the element would be expected to result in 

an elemental concentration gradient on the region in the steel surface( 125 ). 
-1 

A corrosion rate of 6mm yr would be required for the quantity of 

silicon on the scale on the 50D alloy to dissolve from the parent steel. 

For such levels of the element to be obtained from the marine atmosphere 

is also unlikely. The only conclusion to be .drawn from this data is 

that the high silicon levels are due to specimen contamination. It 

was not possible to inspect the offshore specimens with the same regular­

ity as it was the coastal specimens. Identification of the time and 

source of the contamination cannot, therefore, be obtained. 

These results provoke a number of questions about the role of silicon 

in the marine corrosion of low-alloy steels. Being the only common 

factor, the silicon contamination appears to be responsible to some 

extent for the uniformity of corrosion rates and the very similar 

polarization characteristics of the specimens: Remarkable similarities 

exist between the corrosion products formed on Carten at the deep-water 

site where the silicon prevailed and at the coastal site, where no 

silicon contamination was noted. This indicates that the corrosion 

proceeds by the same process, even when the contaminant is present to 

reduce the rates of corrosion. Answers to questions about the original 

form of the contamination and about its effect on corrosion rates over 

extended periods of time are clearly . of paramount importance. 

Takamura's linear regression analysis reveals corrosion rates to be 

almost independent of the silicon .content of low alloy steels, when 

expos~d at anv of the marine levels from the immersed to the 
: . (65) 

atmospheric locations. 



4.5 Splash-Zone Simulation 

4.5.l Variations in the corrosion behaviour of steels. 

Gravimetric data reporduced in Table 3.15 indicates that the metals 

tested vary in their resistance to corrosion. Iron was found to corrode 

at the lowest rate in the simulator, followed by Corten, alloy 50D 

and the least resistant alloy, 43A. Short term exposure data obtained 

at the coastal test site (exposure periods of l to 2 months) indicates 

the order of resistance to be the same as that indicated by the 

simulator. The two sets of gravimetric data obtained from specimens 

exposed at the coast for a single month are displayed in Table 4.3, 

along with the simulator weight-loss data. · '·'The corrosion rates 

of the alloys in the simulator be ing_· of the same order of magnitude 

as the site test data suggests that the simulator does not accelerate 

the corrosion processes. Considering the short simulation periods 

and the general reduction in simulator corrosion rates with time 

(i.e. caused by extending the .exposure time from one to two weeks), the 

simulator would be expected to produce lower corrosion rates after 

l month than were experienced at the coastal site. The noticeable 

build-up of corrosion products in the simulator electrolyte during the 

few days of exposure serves to mask the effect of time on corrosion 

rates. Without access to a 'once through' sea-water system such masking 
. ( 71) . 

effects will necessarily be problematic • 

TABLE 4.3 

Comparison of Corrosion Rates of Site and Simulator Exposed Specimens. 

Alloy Exposure Condition 

1 Week exposure in l month exposure at 
the simulator the coast site 

0.41 -1 0.54 
-1 

50D mm yr mm yr 

43A 0.39 II II 0.44 II II .,. ,. 

Corten 0.36 II II 0.36 II II -;': 

Pure Iron 0.28 -II II 0.21 II II 

~•: Mean corrosion rate relating to two different exposure periods. 
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The prime function of the system is to compare the resistance to 

splash-zone corrosion of steels, without resorting to long-term 

testing. It is not intended that the system be used _to predict 

actual corrosion rates. The apparatus does not fulfil the function 

of an accelerator. As the various corrosion related aspects of the 

splash-zone vary with time, it is hoped that, by maintaining them 

at their most aggressive level, alloys will reveal resistant 

or non-resistant qualities in the minimum possible period of time. 

Conventional methods of corrosion acceleration cannot be applied 

to the apparatus. Elevated temperatures would convert the rig 

into an atmospheric corrosion tester, while any form of external 

polarization would negate the advantages of the potential monitoring 

system. 

Corrosion potential monitoring during the tests revealed that 
.- ' specimens stabilised at potentials base of both those experienced 

when specimens from the simulator were allowed to remain immersed 

in the electrolyte and those produced when coastally exposed specimens 

were immersed in the synthetic sea-water test electrolyte. From 

the aerated polarization data recorded in Tables3.5 and 3.6 the 

range of corrosion potentials is revealed to be from -495 to -635mV see 

for site exposed specimens immersed in the test electrolyte, and 

from -530 to -670mV see for simulator exposed specimens immersed 

in the test electrolyte. Potentials monitored during the major part 

of the simulator period range between -675 and -730mV see. Such 

base potentials cannot be attributed to the build-up of corrosion 

products in the electrolyte; an effect that would be expected to 

raise the potential of the iron dissolution reaction rather than 
. (102) 

lower it • 

From the difference between the potentials exhibited by specimens 

intermittently immersed in the electrolyte and those totally immersed, 

it can be deduced that potentials of specimens would rise if the 

intermittent immersion process were to be stopped during the immersed 

period of a cycle. A similar procedure performed during intermittent 

immersion testing of steels for atmospheric exposure was performed 

by Pourbaix. The specimen potential was found to decrease (i.e. 

become cathodic) as exposure time increased. The effect is explained 

by Pourbaix as being due to pitting. Anodic sites at pit bases 

183 



require substantial immersion time before diffusion of electrolyte 

actl·vates them(go)_ B d th 'd d' 1 . h . . ase on e porous oxi e isso ution mec anism 

proposed in section 4.3.2 the polarization brought about by long 

term immersion of splash-zone simulator specimens can be explained 

in a similar way to the atmospheric behaviour. As immersion time 

increases)electrolyte permeates to the cathodic regions, i.e. into 

the depths of the pore network, where the cathodic dissolution takes 

place. The validity of this proposal could be investigated by the 

performance of rapid potentiodynamic polarization scans on specimens 

after chosen periods of immersion. 

Only Carten became totally covered with corrosion product during 

the exposure in the simulator. This was indicated in the similar 

cathodic predictions of corrosion. currents produced in the aerated 

and deaerated electrolytes. From visual appraisal it is evident 

that the Carten scales are not uniform, but attempts to cut off 

with lacquer the 'rust coloured' areas failed to produce a signifi­

cant difference in cathodic polarization behaviour. 

Pure iron specimens, though corroding at a lower rate than any 

of the alloys~appeared to be sensitive to electrolyte oxygen levels. 

Masking had little effect on the specimen produced after l week, but 

significant cathodic depolarization was produced after 2 .weeks. The 

unmasked specimen produced by 2 weeks' exposure displayed highly 

polarized cathodic kinetics and masking created depolarization 

sufficient to bring the specimen's behaviour close to that of the 

l week exposed specimen. Fig. 4.8 shows the actual cathodic plots. 

From this it would appear that the highly polarized 2 week behaviour 

is anomalous. One possible explanation of this apparently anomalous 

behaviour may be found by considering that the cathodic depolarization 

is due to the production of corrosion products resulting in an 

increased effective surface area available for the support of the 

cathodic reaction. Whether the cathodic reaction is oxygen reduction 

or reduction of the corrosion product, spalling of the corrosion 

product would reduce the degree of cathodic depo~arization. 

The polarization data for alloys 43A and SOD gives an insight into 

this behaviour. After both land 2 exposure periods, both 

alloys suffered substantial cathodic depolarization due to masking 

of the more lightly corroded areas. From this it can be concluded 
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that it is the area covered with corrosion products which supports 

the major cathodic reaction. The scale reduction, as described by 

k da h 1 d b d h . h d. . ( 64) 0 a , as a rea y een suggeste as_ t e primary cat o ic reaction • 

This being the case, spalling of the friable corrosion product 

could result in a reduction in the surface area (including pore­

walls) available to support the cathodic reaction. Thus the 

anomalous behaviour of the iron specimen formed by 2 weeks' exposure 

to the simulator can be explained in terms of loss of the friable 

scale. 

The uneven corrosion product coverings of specimens, which were 

particularly noticeable on specimens of 43A and 50D, do not allow 

electrochemical measurements to be accurately reported. Such 

inhomogeneities of corroded surfaces could account for the polariz­

ation resistance variations noted in section 3.4.6. Such spalling 

of corrosion products could also explain the discrepancies between 

the gravimetric and electrochemical data relating to coastally 

exposed specimens, as spalling of corrosion products would result 

in a decrease in electrochemical estimates of corrosion rates due 

to cathodic polarization, rather than the increased corrosion rates 

actually experienced. 

4.5.2 Variations in corrosion deposits 

Scales formed on all the metals were thin and fragile. When dri ed, 

mounted and prepared for either optical microscopy or electron probe 

microanalysis, the deposits were found to contain iron rich red 

areas and iron depl_e_ted black areas. Low manganese levels in the 

iron rich deposits formed on the alloys appear to originate from 

the metal. As sulphur was not located in the scales formed on 

pure iron, the high sulphur levels at scale/alloy interfaces can be 

assumed to originate from the _alloy< 54 ). The sulphur containing 

deposits noted in Table 3.19 and formed on the outer face of 

the scale on alloy 43A cannot be explained in this way. Precipita­

tion of sulphur from the electrolyte during drying is a more plausible 

explanation. As the outer deposit does not appear to contain any 

iron, it would appear not to be a corrosion product, but a deposit 

precipitated onto the surface due to evaporation of the electrolyte. 

Localized layers of corrosion products containing electrolyte would 

appear to be the form of the deposits produced by exposure in the 
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simulator. Unlike the corrosion pustules initially formed during 

atmospheric corrosion, the se deposits appear to coincide with 

h d . h d. . ( 43) cat o ic, rat er than ano ic, sites . 
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4.6 Mechanism of Splash-Zone Corrosion 

The literature reveals that the aqueous forms of corrosion experienced 

by steels exposed to the splash-zone are dependent on the surface 

corrosion product formed. In this work it has been possible to observe 

the behaviour of int~rmittently-immersed steels in an aqueous electro­

lyte. This allowed the behaviour of specimens stabilised by total 

immersion in synthetic sea water to be related to the behaviour of 

intermittently-immersed specimens. It appears that a majo~ difference 

between the splash-zone corroding steels subjected to short periods in 

the electrolyte and those subjected to extended periods of immersion 

is that the latter exhibit more noble corrosion potentials. The 

suggested mechanism of cathodic depolarization responsible for this 

behaviour involves the time-dependent diffusion of electrolyte into 

the porous corrosion products, resulting in an increase in the area 

able to support the cathodic reaction of scale reduction. 

In order that cathodic reductiori of scales may take place, oxidation 

of the base material must proceed during the drying of the corroding 

surfaces. From this work it is not possible to identify the cathodic 

reaction taking place during the 'dry'period. , Reduction of cations 

contained in the electrolyte would produce substantial concentrations 

d d 1 . h l ( 55 ) b . of the re uce e ements in t e sea es • Electron pro e micro-

analysis did not reveal such effects. Oxygen reduction was only ruled 

out as a major cathodic reaction during the 'wet' period by its 

sluggish kinetics compared with those of the scale reduction reaction. 

There appears to be no reason to assume that oxygen reduction _does 

not play a part in the 'wet' cathodic reaction, or a major part in 

the 'dry' cathodic reaction. If this is the cathodic reaction taking 

place on splash-zone exposed steels, the high corrosion rates compared 

with those experienced in the atmosphere can be accounted for by the 

greater humidity of the splash-zone. This results in the scale being 

permanently able to support the oxygen reduction reaction. Atmospheri­

cally-exposed corrosion products tend to dry more ··thoroughly, resulting 

in inactive periods. During the wet period of the splash-zone exposure 

both oxygen reduction and scale reduction can be expected to take 

place, resulting in high anodic dissolution rates. 

The reduced oxygen leyels experienced at depths in bulk sea waters are 

a major influence on the corrosion rate variations with depth(l 5 )_ 
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Local concentrations of dissolved oxygen could explain the high rates 

of corrosion experienced directly above the tidal level. 
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4.7 Evaluation of the Splash-Zone Simulator 

The simulator is required to reproduce an aqueous corrosion condition 

more humid than the atmospheric condition, but dryer than the immersed 

condition. As Corten has been shown to possess no advantage over mild 

steel when exposed i~ bulk sea water,the apparatus would appear to 

. d • . h . h d . ff f h 1 ' · d · · ( 5 8 ) repro uce a situation w ic i ers rom t e tota immersion con ition . • 

The more base potentials achieved by specimens exposed in the simulator 

than by those totally immersed is a further indication that the simulator 

does not reproduce the total immersion condition. 

By comparison of this work with the atmospheric work of Okada it 

appears thatthe major difference between the splash-zone and atmospheric 

corrosion conditions is that the splash-zone subjects specimens to a 
. . 1 .. d . d. ' ( 64 ) h d' ff ' . more testing sea ere uction con 1tion • Te i erent1ation 

between splash-zone and atmospheric corrosion appears to be quite 

fine. When carrying out accelerated atmospheric tests Pourbaix finds 

it acceptable to subject a metal to an environment which never allows 

the specimen to be dormant in the way atmospherically-exposed specimens 

d ' . bl dr . d. ( 61 ) I h 1 h h . t . are uring suita y y perio s • n t esp as -zone sue inac ive 

states appear to occur only rarely. The splash-zone is, therefore, 

a crude atmospheric corvosion accelerator. 

The base corrosion potentials of specimens exposed iri. the .s .imulator 

indicate how the conditions differ from the atmospher•ic exposure condition. 

Both Legault(lO?) and Singhania( 9l) use the potential developed by 

atmospherically exposed steel when immersed in salt solutions as 

indicators of the corrosion resistance of the steels. The more noble 

potentials indicate the more resistant steels. In general the site 

exposed specimens remained at potentials below -0.SV see, while atmos­

pherically exposed specimens attained more noble potentials after 

short exposure periods. · This suggests that protection of the form 

acquired by atmospheric corrosion is not attained in the splash-zone. 

Takamura made use of a wide range of alloys, of simulation conditions 

and of site exposure conditions. By examination of the effect of each 

exposure condition on each .alloy he was able to broadly relate the 

various simulation cycles to the coastal exposure sites. Splash-zone 

corrosion exposure correlates well with slow rotation speeds. As 

Takamura made use of atmospheric heating during the drying cycle the 
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reduced rate of rotation corresponds to a generally more humid condi-
. (65) 

t1on • In this work an approximation to the coastal splash-zone 

was obtained by the use of high rotation speeds and no artificial 

heating. 

~he simulator, with its potential monitoring system,has allowed the 

lowering of corrosion potentials by cycling to be identified. This 

allows the cathodic depolarization in potentiostatic behaviour to 

be identified as a condition which does not occur during cycling. 

The inference drawn from this is that the corrosion rates estimated 

from polarization plots are unreasonably high. In this way the 

discrepancy between electrochemical and gravimetric data can be 

accounted for, 

• 
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A P P E N D I X A 

LINEAR POLARIZATION 

The following are pr~dictions, based on polarization theory, of the 

effect of the various variables on pseudo resistances. 

(1) The Ideal Case 

For the anodic reaction, at the corrosion potential, E corr, 

the reverse reaction has minimal effect. Resistance and 

diffusion effects are similarly absent and the resulting 

potential vs. current relationship obeys Tafel behaviour. 

i.e. potential • log ( i ) + constant, where i is the anodic 
a a 

current. Relating all potentials to the corrosion potential 

i.e. potential E becomes E-E corr, we can write 

E = d log (ia ) (l) 
l.corr 

where i is the corrosion current and d the anodic Tafel 
corr 

slope 

Similarly 

E =Clog (-ic ) 
1corr 

(2) 

C = Cathodic Tafel slope (negative) 

and ic = Cathodic current~ 

From(l)we obtain 

~E = d 
(3 ) { ~ I 

a . a 

and from(2) 

~E = C ( 4 ) 
~i i 

C a 

If we let i = nett current, i.e. 

differentiating we find 

i = i + i 
a C 

which on substituting from{3)and(4)gives 

\i. = ia + ic 

~E d c 

at i = O, ia = i =-i corr c 

( 5 ) 

by differentiation 

w.r.t. i 



(2) 

and 
( )i) 
~E • 1=0 

= i 
corr 

i (­
d 

i ) 
C 

(6) 

Thus a knowledge of the Tafel coefficients and pseudo resistance 

allow i to be calculated. 
corr 

The Ideal Case With Significant Resistance 

Equations derived above apply with the potential E, 

developed at the corroding surface, replaced by E - iR 

i.e. the potential developed in the system, less that 

developed across resistances away from the surface where 

i is again the nett current and R the circuit resistance 

causing polarization. 

Thus equation 6 becomes 

but since 

hence 

(~(~-iR)). 
~ l. 1=0 

~ (f.-iR) 
~i 

~ <v) 1 
= T 

= 

ul . 
l.-0 corr 

i 
i 
corr 

-1 
l) 
C 

( 7 ) 

i. e. the measured pseudo resistance at E is the sum of the 
corr 

ideal polarization resistance and the additional polarization 

inducing resistance R; at the corrosion potential, which is 

the intuitively acceptable solution. 

(3) The Ideal Case Without Resistance and With Concentration 
Polarization 

Anodic concentration over potential is expressed as 
i - 1 
~a a 

b log 
i 

£.a 

where bis a constant, ila' the maximum theoretical anodic 

current controlled by the anodic diffusion reaction and ia, 

the actual current at any particular polarization potential. 

The equation relates to mass diffusion and so this value relates 

to the diffusion-controlled current only as we are still 

considering only one anodic reaction, ia,as the total anodic current. 



Similarly, cathodic concentration over potential is expressed as 
i - i 
L.c C flog 

iC..c 

where f is a constant, i the cathodic current and i 
c Le 

the limit of the cathodic current. 

The equation(l)becomes 
i 

E = d log (~ . 
l corr 

and equation(2)becomes 

i - i 
) + b log (-L-a ___ a) 

i 
La 

i - i i 

( 8) 

E =flog( c . t.c) - Clog (.c ) (g) 
l l 
~c corr 

Differentiating(B)with respect to i gives 
a 

= d + 
i 

a 

and differentiating (9)with respect to ic 

':ll)E = C 

~ i 
C C 

(10) 

(11) 

assuming continuous, well behaved current-potential relationships, 

and recalling that 

equations(lO)and(ll)reveal that 

= (~ ·x ~ia) -1 
l l, + 

a --a 

and 

bi )-1 (-c-+ -:-corr _1 1 '-a + corr 

fi -1 
+-.-corr) 

1Lc .. 
(12) 

When diffusion effects on electrode surfaces are small, limiting 

currents are large, i )'­
L.c '/ 

ship(l2)simplifies to 

i 
corr 

d 
=(­. i ( c . )-1 + -.-

corr 
-1 corr 

which is, of course, equation(6~. 

As i ➔ i we can see that 
corr·· La 

t~ 
l 
corr 

i .. 
corr)the relation-



i 
which approximates to corr 

d for large iLa: 

Knowing Tafel slopes a and c allows i to be found when corr 

(1) i >' i ':::! -i ~a ·, corr ~c 

<2) fi1.~f >') icorr ~ +\.a 

( 3 ) \.a>? icorr and I iLcl >)icorr. 

Otherwise a knowledge of the diffusion reaction in terms of 

i and iL is ·required for calculation of the corrosion 
La C 

currents which can be gained from Tafel's electrochemical 

theory. This reveals that:-

b = RT/nF and d = RT/nF 

where R = Boltzmann'sconstant 

T = Reaction temperature 

F = Faraday's Constant 

n = Modulus of charge transfer coefficient. 
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