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ABSTRACT

The corrosion of grey cast iron in hot water has been 

studied under conditions wliich are similar to those in central 

heating systems. The rate of hydrogen evolution from a cast 

iron boiler in a model system at 75°C was measured for 63 

days. After an initial increase up to 9 days the rate 

decreased parabolically (k = 6.9 % 10 ^ mg cm ^ h for 

3Fe + 4HpO = Fe^C^ + AH^). A duplex corrosion scale was 

found on boiler surfaces which is similar to those reported 

for corrosion of mild steel in water at 300^C. An increase 

in dissolved oxygen stimulated hydrogen evolution, and a 

mechanism for this process is proposed.

The formation of corrosion scales on cast iron at 30°C 

was studied ^  vitro. A linear dependence of corrosion rate 

upon dissolved oxygen in the range 0 to A.O ppm was found, 

the rate, R, being approximately that predicted by

R = kpeOH'']
Scales formed on cast iron in a wide range of solutions 

contain lepidocrocite, magnetite and a green rust which is 

similar to, but not identical with, those previously 

reported. There is evidence for a crystallographic transformation 

of green rust (G.R) to magnetite (.i-0, the orientation relationship 

having been partially determined thus:

: hsîlc.E fn]h'lag
The growth sequences of scales formed at 3,0 ppm and 0.44 ppm

are described. The proportions of magnetite and lepidocrocite



change continuously with time and with dissolved oxygen level, 

while there is evidence for electrochemical dissolution of 

lepidocrocite and precipitation of magnetite as the oxygon 

level is reduced. A cyclical mechanism for this process is 

proposed.

Scales produced at 3*0 ppm 0^ form shell-like "crusts" 

over a porous subscale; the Ucrust" exhibits "chimney"-like 

outgrowths which are orientated in the wator-flow direction. 

Similar morphologies arc observed in scales formed on 

circulating pumps used in central heating systems. These 

features are attributed to outward diffusion of soluble 

corrosion products, and possibly hydrogen, from the subscale.
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CHAPTER I 

INTRODUCTION

In this thesis an investigation is reported into corrosion 
of grey cast iron under conditions which relate to the operation 
of central heating systems. The research was instigated by a 
manufacturer of water-circulating pumps for domestic systems, 
who found that a substantial number of installed pumps fail due 
to blockage by corrosion product which consists mainly of 
magnetite (Fe^O^). Grey cast iron was formerly used for impeller/ 
backing plate assemblies of pumps, and is still used for casings.
It is also the main constructional material for central heating 
boilers. Evolution of hydrogen gas often occurs in association 
with magnetite formation, but the reasons why these effects 
occur are not known in any detail.

In the present research corrosion of grey cast iron is 
studied firstly in two model central heating systems, and 
subsequently in a series of separate, smaller-scale experiments 
in glassware (iji vitro) apparatus. In this Chapter the main 
types of central heating systems are described and the published 
work on corrosion in central heating systems is reviewed. Finally, 
the aims of the thesis are outlined in more detail.
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1.1 Construction and Operation of Domestic Central Heating Systems.

1.1.1. Types of System.

There are two main types of central heating system in use; 
the hot-water system, with water circulating through a sealed 
network of radiators and pipes, and the warm-air system, with 
air-flow around a network of ducts, having adjustable vents 
for heat admission. The Gas Council estimate that, in 1972, 
hot-water systems were four times as numerous as warm-air systems 
in domestic premises in the U.K. (Cheyney & Finch, 1973).

Hot-water systems exist in two forms (shown schematically 
in Fig 1.1). One is the 'open* system (Fig 1.1a) in which the 
circuit of boiler, radiators and pipework is connected to a 
cistern of mains water positioned above the system. The cistern 
is open to the atmosphere and maintains the system full by 
hydrostatic pressure, compensating for leakage and evaporation 
losses. A venting pipe is attached to the top of the boiler 
to vent air and to provide emergency relief. The second form 
of hot-water system is the "sealed" form, in which the water 
is completely isolated from the atmosphere (Fig 1.1b). The 
system is first filled with water and sealed; on heating, 
water expansion is accommodated by an expansion vessel in which 
air, or nitrogen (separated from the water by a rubber diaphragm) 
is compressed. This raises the pressure throughout the system.
In place of the vent above the boiler there is a safety valve.
If make-^up water is required it is supplied under pressure from 
a sealed bottle.
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The majority of new systems in the U.K. are of the open 
type, usually with the cistern in the roof, with only about 2% 
of new systems being sealed. In some European countries, 
however, about 95% of new systems are of the sealed type. The 
reasons for popularity of one or the other do not appear to be 
economic ones. The most significant economies, in running costs, 
can be effected by proper insulation. With reference to corrosion, 
the open type has the major disadvantage that atmospheric oxygen 
enters the system with make-up water via the cistern.

1.1.2 Construction Materials

The boiler consists of an array of fuel burners heating 
a cast iron heat exchanger, which is connected to the pipev/ork of 
the system. Water is pumped through the heat exchanger and 
pumped out to the radiators. The exchanger is generally a 
single casting of grey cast iron. The design is geometrically 
complex, presenting many separate channels (flueways) to the 
flame, so that a large surface area is heated; the water flowing 
inside the exchanger is similarly dispersed through many waterways 
so that a high degree of heat transfer occurs.

Radiators were formerly manufactured out of cast iron, but 
are now fabricated from pressed mild steel sheet, usually of 
18 swg (1,5mm) and are assembled by electro- or gas welding. 
Pipework was formerly of copper, with fittings and connections 
of brass. Although copper piping is still employed, mild steel, 
piping is increasingly used because it is cheaper. Cast iron 
connections and fittings are used with steel piping.
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Water pumps are usually of the glandless type, with a 
water impeller driven by means of a stator. A commercial pump 
is shown, in exploded view, in Fig 1.2. The impeller is a flat 
disc with raised, shaped blades on one side, which rotates in 
the water stream and impels water in one direction. Formerly, 
impellers and backing plates were made of grey cast iron, but 
many pumps now have stainless steel rotating parts.

1.1.3 Operating Conditions

Domestic hot-water systems are designed to give a water- 
flow temperature (the temperature of the water leaving the 
boiler) between 66 and 82^C (I50 to l80°F) or between 66 and 
98^C (130 to 210^F) (Heating and Ventilating Research Association 
Publication, 1970). The former figures apply to radiator systems, 
the latter to warm-air, fan convector systems. Higher 
temperatures are required of a boiler used for air-convection 
heating of large commercial premises. For example, one modern 
(1974) hot-water boiler for heating commercial premises gives a 
water-flow temperature between 60 and 90°C, but has the capacity 
to operate at up to 140^0 under a pressure of 3*7 bar (85 psi) 
(private communication from Potterton International Ltd, 1974).

A brief comparison can be made between the operating 
conditions in hot-water boilers and those in steam-producing 
boilers in power stations. Among new boilers being commissioned 
by the CEGB in 1974, operating conditions of 530-363^0 and I60 
bar pressure of steam measured at the turbine stop-valve are 
common (CEGB Statistical Yearbook 1973-74).
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Because of the greater severity of conditions in power generation 

the feed water is extensively pre-treated or "conditioned" to 

remove scale-forming salts, oxygen, and to control the pH value. 

By contrast, feed water for hot-water systems is taken directly 

from the public supply.

1.2 Corrosion in Central Heating Systems

The reported work on the aqueous corrosion of cast iron 

and carbon steels is vast and substantially covered in text 

books on corrosion and oxidation. by contrast, only a limited 

amount of work has been reported on corrosion in central 

heating systems.

Some of the literature is pertinent to studies of 

specific aspects of scale formation on grey cast iron, which 

arose from the first part of the present work and which are 

reported in later chapters of the thesis. It was considered 

more appropriate to cite relevant literature in each of these 

chapters rather than in the Introduction. A complete literature 

review in the customary form is therefore not presented here; 

instead, the limited amount of work relating specifically to 

corrosion in central heating systems is reviewed as an 

introduction to the present work on central heating systems.

At the 1970 British Joint Corrosion Group Symposium on 
"Corrosion and Prevention in Central Heating Systems" (reported 

in 5 papers in British Corrosion Journal, Vol 6, Jan 1971, PP 

23-43) it was stated that five main corrosion phenomena occur in

5 -



domestic systems; (i) formation of large quantities of magnetite; 
(ii) evolution of hydrogen gas over long periods; (iii) pitting- 
type corrosion; (iv) particularly severe corrosion at heat- 
transfer surfaces; (v) corrosion by sulphate-reducing bacteria

Two of these effects, magnetite and hydrogen formation, 
appear to be due to general corrosion of all ferrous surfaces 
in a system (Cotton & Jacob, 1970) whereas the others usually 
result from specific local conditions. Pitting appears to 
occur where chloride ions are present and acidity develops, 
and can cause perforation of radiators (Butler, Ison & Mercer, 
1970; Holmes & Mann, 1965); heat-transfer corrosion arises 
from thermogalvanic effects which are aggravated by preferential 
deposition of hardness salts on the hottest surfaces and which 
would be expected principally in the boiler (Butler & Ison, 1961); 
bacterial corrosion can occur in stagnant water containing 
sludge (Burns, Bonds & Sims, 1970).

Magnetite forms partly as a scale and partly as a fine, 
black suspension. Since the material is magnetic, the suspension 
is attracted to the electric field of the water pump. As a 
result, blockage of the pump by magnetite is the commonest 
cause of pump failure. Statistics are scant, but it appears 
that high failure rates of pumps occasionally occur in a 
particular locality: von Fraunhofer (1970) refers to a locality 
in which 2.6% of water pumps installed had failed within four 
years.

Where hydrogen evolution occurs, it can cause gas locking in 
pipes and cessation of circulation unless ventilated. Again, the 
problem.is sometimes acute in particular localities.
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New systems are charged with public supply water, which, 
being in equilibrium with air, will contain (at 25^C) about 
8 ppm of dissolved oxygen. Electrochemical corrosion would 
thus be expected from the beginning of service. The initial 
anodic reaction is iron dissolution;

2Fe = 2Fê '*' + 4e 1.1
In neutral and slightly alkaline waters most of the 

ferrous iron will hydrolyse to (Fe^^OH)^ (Leussing & Kolthoff, 
1953). The cathodic reaction may be either reduction of 
dissolved oxygen,

O2 + + 4e = 40H“ 1.2
or reduction of hydrogen ions;

4H* + 4e = 2Hg 1.3
Both reactions 1.2 and 1.3 occur simultaneously, their 

relative rates depending on oxygen level and pH respectively 
(von Fraunhofer).

In the presence of oxygen, ferrous ions (Fe^*) and ferrous 
hydroxyl ions (Fe^^OH)* are oxidised to Fe^* and(Fe^^^(OH)^)^ 
respectively and magnetite or some form of hydrated ferric 
oxide then precipitates;

+ ZFe^* + 8(0H)" = Fe,0, + 4H-0 (a)
1*4

(Fe^bH)* + 2(Fe^^(0H)gK + 3(0H)~ = Fe_0^ + 4HgO (b)
Fe^* + 3(0H)“ = FeOOH + H.O (a)

(Fe^^^(OH)gK + (OH)" = FeOOH + H^O (b)
In a well sealed system the rate of scale formation due 

to oxygen reduction will decrease to a very low level as 
oxygen is consumed. Any further iron dissolution will usually
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be due to hydrogen ion reduction (reaction 1.3) If this
P+ +occurs extensively the level of Fe or (FeOH) ions should 

eventually rise to the point where ferrous hydroxide Fe(0H)2 
is precipitated (Cotton & Jacob) the overall reaction being

Fe + 2H^0 = Fe(0H)2 + 1.6
In the absence of oxygen, ferrous hydroxide should not 

oxidise to magnetite. However, it is believed to decompose in
some central heating systems, even in the absence of oxygen
(Butler, Ison & Mercer)

3Fe(0H)2 = Fe^O^ + H^ + BH^O 1.7
This is the Schikorr reaction (Schikorr, 1933). Its 

occurrence in central heating systems has hardly been studied 
at all, but it has been studied in some detail im vitro using 
ferrous hydroxide precipitated from solution.

Shipko & Douglas (1956) showed that the reaction occurs 
rapidly above lOO^C in deaerated solutions, but is negligibly 
slow below 60^C. Evans & Wanklyn (1948) showed that the reaction 
is promoted, even at 25°C, in deaerated solution, by copper, 
platinum and nickel powders. There is also evidence that the 
reaction* is promoted at iron surfaces in hot water by the 
presence of copper piping (Bidmead, 1974).

Thus there are at least two reactions by which hydrogen 
could form under central heating conditions; by hydrogen ion 
reduction (reaction 1.3) and by the Schikorr reaction. Von 
Fraunhofer showed that hydrogen ion reduction and oxygen gas 
reduction (reaction 1.2) occurred together in a model central
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heating system even where the water was saturated with oxygen.
By contrast, Schikorr, Shipko & Douglas and Evans & Wanklyn 
showed that the Schikorr reaction only occurs where oxygen 
is excluded. Shipko & Douglas showed, further, that, with 
only traces of oxygen present, precipitated ferrous hydroxide 
oxidises to magnetite without producing hydrogen;

6Fe(0H)2 + 0̂  = ZFê Ô  + SĤ O 1.8 
(compare with reaction 1.4)
Thus there are at least two reactions by which magnetite 

could form under central heating conditions; by direct oxidation 
(reaction 1.4 or 1.8) and by the Schikorr reaction, with the 
latter expected only at very low oxygen levels.

Corrosion in flow systems is also influenced by the 
temperature, pH value, flow-rate and chemistry of the water. 
Corrosion rate is fairly constant over the pH range (between 
5 and 10) usually found in systems (von Fraunhofer). The water 
temperature, normally at a constant level between 66^ and 82°C, 
will vary only during temperature cycling, but it is here that, 
as the water cools and contracts, air is more likely to enter 
the system. The flow-rate varies throughout the system, although 
the pump speed normally remains constant so that flow-rate over 
particular surfaces will also be constant.

It has been shown that the corrosion rate of mild steel 
pipes, carrying natural water of constant oxygen level, increases 
with flow-rate up to a certain value, above which the steel 
passivates and the corrosion rate falls off. If the water 
contains appreciable carbonate or bicarbonate, some of this is 
deposited in the scale and passivation occurs at a lower
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flow-rate (Butler & Icon, 1961).
The effect of water chemistry on corrosion rates is complex.

Most natural waters contain chloride, sulphate, carbonate (or 

bicarbonate), calcium, magnesium and sodium ions in varying 

amounts (Butler & Ison, 1966). It has been shown that, individually, 

certain ions are more corrosive than others. As already noted, 

carbonate ions tend to be protective, but magnesium salts are 
particularly corrosive at temperatures near 100°C; chloride ions 

generally increase corrosion rates and promote pitting (Butler 

& Stroud, 1965). However, at the temperatures found in domestic 

central heating systems, the corrosion rate varies little over 

wide ranges of ionic concentration, being more dependent on the 

rate of oxygen supply (von Fraunhofer). Water chemistry inside a 

system may alter due to evaporation losses at joints and to 

deposition of bareness salts in the vicinity of heat-transfer 

surfaces.

To summarise, the conditions under which the central heating 

systems operate have been shown, in isolation, to affect the 

corrosion rate of mild steel, but the resultant effect of a.l 1 

conditions on corrosion rates is evidently complex and has not 

been investigated systematically. It is equally evident that 

a systematic investigation, to be meaningful, must monitor 

continuously all parameters which affect the corrosion rate.

With reference to magnetite and hydrogen formation, the rate 

of magnetite formation appears to depend significantly on the 

oxygen level, while the rate of hydrogen formation reflects 

the incidence of hydrogen ion reduction. Additional magnetite 

and hydrogen may form by the Schikorr reaction.

- 10



1.3 The Aims of the Present Work

The foregoing review has indicated several aspects of 
corrosion in domestic central heating systems which are 
inadequately understood.

(a) It is not clear to what extent long-term formation
of hydrogen and magnetite within systems is due to the Schikorr 
reaction (reaction 1.7). The formation o.f magnetite due to the 
presence of oxygen (reactions 1.4 & 1.8) should cease when all 
oxygen is consumed, and in a leak-tighc system this should 
occur within a few days of commissioning. It has been indicated 
that formation of magnetite and hydrogen by the Schikorr reaction 
only occurs in deaerated solution and could, therefore, cause 
long-term corrosion even in well sealed systems. It does 
not, appear, however, that magnetite and hydrogen formation 
have been demonstrated in a system in which a very low or zero 
oxygen level has been measured. Neither has it been shown to 
what extent corrosion under low oxygen levels is stimulated, 
or catalysed, by materials such as copper.

(b) It does not appear that corrosion scales formed in 
different systems have been studied with reference to the 
amount of hydrogen evolution which has occurred. Long-term 
hydrogen evolution indicates continuous corrosion and non- 
pro tec tive scale. The detailed morphology of scale formed 
on mild steel in water at 300°C has been studied by scanning 
electron microscopy (SEM) (Castle & Masterson, 1966) and this 
technique should be applicable to scales formed in central 
heating systems.
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(c) It is not clear whether ferrous surfaces in particular 
components of a system are more prone to corrosion than others. 
Von Fraunhofer reported hydrogen formed in radiators of a model 
system, while water pumps are known to be damaged by magnetite. 
Rather more severe corrosion may be expected in boilers, due to 
the higher temperatures at heat-transfer surfaces, but this 
point does not appear to have been studied experimentally.

A systematic study of variation in corrosion rate with 
variation in each of the parameters which affect corrosion was 
considered inappropriate for the present work.- It was felt that, 
in the first place, a study of corrosion-rate as a function of 
of oxygen level, under otherwise constant conditions, should 
help to elucidate the reactions which occur in central heating 
systems. The present work was planned on this basis and the 
aims of the work can be listed as follows:

(a) A study of the rates of magnetite and hydrogen 
formation in a model central heating system running under typical 
service conditions. The rate of hydrogen evolution (being more 
easily measured than the rate of scale formation in a closed 
system) was to be monitored over time as a function of dissolved 
oxygen level, water pH and water chemistry, while the operating 
temperature and flow-rate remained constant. In this v/ay it 
was hoped to show how hydrogen evolution rate varies with oxygen 
level, particularly at lov/ levels, and the relative importance 
of oxygen reduction and hydrogen ion reduction as cathodic 
reactions. It was also hoped to ascribe the formation of 
hydrogen to a particular reaction. Scale morphology was to be
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studied subsequently by metallography. This work is reported 
in Chapter 2.

(b) It was clear that the evolution of hydrogen might 
account for only part of scale formation and that the whole 
process of scale formation could not be adequately described 
by a single metallographic study after corrosion. A separate 
series of small-scale, short-term studies’were therefore planned 
to study the corrosimetric behaviour and scale morphology of 
grey cast iron at a series of constant oxygen levels. The 
conditions inevitably differed from those in the model system,
but it will be shown that scale characteristics were substantially 
the same in both types of study. This work is described in 
Chapter 3* .

(c) Several morphological phenomena occurred in short
term studies which appeared to be significant in scale formation 
in hot-water systems. Detailed studies of these were undertaken 
and are reported in Chapters 4 to 6. A general summary, with 
conclusions, appears in Chapter 7.
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Fig 1.1 Principal Designs of Domestic Hot Water Central 
Heating Systems.

(a) Open System

(b) Sealed System
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Fig 1.2 Components of Wauer-Clrculation Pump used in 
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CHAPTER 2

A STUDY OF CORROSION OF GREY CAST IRON 
IN A MODEL CENTRAL HEATING SYSTEM

Introduction

In this Chapter a study of corrosion of grey cast iron 
in a model central heating system is reported. Two experiments 
were carried out: in the first, designated Investigation I, a 
high level of dissolved oxygen was inadvertently maintained in 
the model system throughout the experiment. After design 
modifications the system was used for a second experiment, 
designated Investigation II. This was carried out along similar 
lines to the first and a low level of dissolved oxygen was 
achieved.

2.1 Investigation I

2.1.1 Design and Operation Considerations

2.1.1.1. Construction of System

The apparatus was built to be operated under conditions 
approximating to service conditions in a domestic system. The 
total capacity of a typical domestic system is about 90 1 (20 
gallons) with the boiler having a capacity of about 14 1 (3 
gallons). The power output from a domestic boiler is about
11.7 kW (40,000 Btu/h). This requires a power input of 
approximately 12 kW. From a single mild steel radiator a heat
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output of 0*63 kW (200 Btu/squ* ft/h) is common (M.D. Novels, 
private communication, 1973)#

For reasons of economy and ease of operation the model system 
was constructed with a total capacity of about one-third of that 
of a typical domestic system (about 301). Fig. 2.1 shows a 
general view of the system. 25 mm-bore copper piping and brass 
compression fittings were used. A boiler of 4*5 1 capacity was 
cast in grade 14 grey cast iron. (Chemical Analysis; Table 2.1)

An SMC ’’Cadet - S” water pump v/as installed on the boiler 
flow-side. A rotameter-type flow-meter with a stainless steel 
float was incorporated (previously calibrated for water at 75°0 
by the manufacturers). In order to simplify the system for the 
experimental study it was decided not to install radiators. The 
only ferrous components in the system were therefore the boiler 
and the pump. In the absence of radiators, a ’’heat load” for 
the system was provided by a Myson ’’Classic” Mk. 9 convector air- 
heater having a copper water circuit.

2.1.1.2. Heating and Temperature Measurement

The boiler, shown schematically in Fig. 2.2, was fitted with 
specially designed heater-units (Fig. 2.3)# Domestic boilers are 
generally oil or gas-fired, but electrical heating was chosen for 
the present work for several reasons. Firstly, it is possible to 
control a set temperature more accurately with electrical power 
than with oil or gas. Using a thyristor-type controller a water 
temperature of 75°C can be controlled to - 0.5^C. Secondly, the 
use of electrical power facilitated the study of corrosion at the
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heat-transfer surfaces. The heat-transfer walls were flat (fig.
2.3) and were heated by flat-faced "wash-boiler” type elements 
(manufactured by Wellco Electric Ltd.) positioned against the 
inside walls of the heater-units. By passing heat through a 
large area of wall of uniform thickness it was expected that 
uniform temperature gradients would be set up extensively across 
the wall. Fig, 2.7 shows the exterior of a unit prior to 
experiment; the boiler incorporated two such units. A third 
reason for using electrical power was that the need to ventilate 
flue gases was obviated.

Power input to the heaters was controlled by a Eurotherm 
PID temperature controller, previously calibrated between 0 and 
lOO^C using a 100-ohm platinum resistance thermometer. The 
resistance, thermometer entered the system on the flow-side of the 
boiler (Fig. 2.2) through a water-tight seal, the position of the 
head in the water being adjustable through this seal. It was 
necessary that the water flowing past the head was of uniform 
temperature, otherwise the full capacity of the temperature-control 
system could not be utilised. The thermometer gave satisfactory 
control ^t a position three inches from the boiler flow exit.

The flow temperature was used as an input signal to the power 
controller. The return temperature was also measured, together 
with those of all heat-transfer walls. Platinum resistance 
thermometers were used in all cases and recesses were drilled in 
heater walls to accommodate these (Fig. 2.3)* The metal temperature 
was measured in the centre of the heat-transfer area, about 2 mm 
underneath the corroding surface.
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2.1.1.3 Measurement of Dissolved Oxygen Level

There are two methods in general use for analysis of 
dissolved oxygen in water. Chemical analysis can be effected 
by the Winkler technique ("Approved Methods of Chemical 
Analysis", p. 182; Society for Analytical Chemistry, 1963) 
but this method requires a sample of water for each analysis* 
Analysis is effected more readily by polarography, in which 
dissolved oxygen is reduced at the cathode of a cell and the 
electrochemical current is directly proportional to the 
concentration of oxygen.

In the present work a "Fieldlab" electrode system, 
manufactured by Beckman Instruments Ltd, has been used (Fig.
2.4)* The electrode contains a silver anode and rhodium 
cathode in potassium chloride solution and is sealed from 
the water by a PTFE membrane. Oxygen from the water diffuses 
across the membrane, at a rate dependent on concentration, 
and is reduced at the cathode. The reduction current is 
indicated on a meter scale graduated in parts per million of 
dissolved oxygen (ppm O^).

The equilibrium level of dissolved oxygen in a solution 
is determined by the partial pressure of oxygen above the 
solution. Assuming Henry’s Law applies, the pressure of 
oxygen in the atmosphere is thus directly related to the 
concentration in solution. Using this principle the "Fieldlab" 
electrode is calibrated prior to experiment. With the electrode 
standing in air, the ambient temperature is measured and set
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on the temperature compensation scale while the meter needle 

is set at the equilibrium oxygen concentration for that air 

temperature. The electrode is now calibrated and can be used 

to measure oxygen concentration in water. The meter has three 

oxygen-level scales; 0 to 25, 0 to 10 and 0 to 1.0 ppm 0^, 

the quoted accuracy on each being - 1% of fsd. The system 

can be compensated for temperature up to ^O^C, so that, in 

measuring the oxygen concentration above 50°C, the water must 

first be cooled to this temperature. The presence of chloride 

affects the rate of oxygen reduction in the electrode and 

introduces an error into the measured oxygen level. At the 

low levels of chloride used in the present work the error is 

about 1% (Beckman Instruments Inc., private communication, 1975) 
and does not affect the comparability of results obtained at 

constant chloride level.

The oxygen concentration in the model system was measured 

at a specially designed port (Fig.2.5) situated in the pipework 

immediately on the flow-side of the pump. The electrode was 

first screwed into the leaktight connection at A. The valve C 

was then opened and water from the system admitted up to A, 

air being released through valve B. The water was under a 

positive pressure at this point and quickly filled the port.

Valves E and C were closed, the isolated water sample cooled 
to 50°C and the oxygen concentration v/as read. One source of 

error in this technique arises because the water is stationary, 

whereas a minimum flow-rate of 0.5 ms”  ̂ (Ift/s) is required
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for a correct reading, A separate experiment indicated that 
the measured oxygen level in stationary water is between 80 
and 95% of that measured at 0.3 ms~^. No corrections were 
made in this respect to values measured experimentally.

2.1.1.4 Sampling of Evolved Gas

The apparatus for collecting and sampling of evolved 
gases is illustrated in Fig 2.6. A spherical glass vessel 
(5 1) was incorporated into the system at its highest point. 
Pipework connections were made tangentially so that water 
filled the vessel in a swirling motion which separated the 
entrained gas at A. About one litre of gas could be accumulated 
without displacement back into the system.

For analysis, a sample of gas was admitted through 
valves B, C and D to the 100 ml burette column. The burette 
was initially filled to D from a reservoir of vacuum pump oil 
(Edwards Type 1?C) and the oil was displaced by the sample 
gas from A. Valves D and E were positioned such that, when 
the burette was full of oil to the level of D, a total of 6.5 ml 
of "dead-volume" of air remained above. This is 6.3% of the 
total burette volume. On sampling gas, therefore, a correction 
is required for this "dead-volume". In the first analysis of 
a series the dead volume is composed entirely of air, but in 
subsequent analyses it tends progressively towards the 
composition of the samples. The required corrections to the
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calculated percentage of hydrogen in gas samples are, 
respectively, 6.3%, 0.36%, and 0.0l8%, for the first three 
samples. Correction is thus only necessary for the first sample 
of a series, after the burette has been open to air.

2.1.1.5 Analysis of Hydrogen in Evolved Gases

Concentrations of individual gases in a mixture are most 
readily analysed by gas chromatography. By passing a mixture 
of gases through a suitably long column of a porous solid, the 
constituents diffuse at different rates, according to their 
molecular weight. They are thus separated and can be analysed 
individually.

In the present work it was anticipated that hydrogen would 
occur with oxygen and nitrogen, and possibly also methane and 
carbon dioxide. A column of Molecular Sieve Type was 
employed, with a mesh-size between 200 and 230 |im. This will 
readily separate hydrogen from the other gases. (Jeffery & 
Kipping, 1964)• These workers also state that Bambaugh (1963) 
used this material to separate nitrogen and oxygen.

The instrument used was a Gow-Mac model 69-332 gas 
chromatograph. Analysis of gases is carried out in two W-Re 
thermal conductivity cells, employing argon as a carrier gas.
The output voltage from the thermal conductivity cells is 
displayed as a chart trace and the presence of a particular 
gas is indicated by a peak, the height being related to the 
concentration of gas in the sample. Approximately 100 ml of 
gas were required in the present apparatus for analysis, in
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order to set up a steady flow-rate before sampling.
In order to relate peak-height of hydrogen to the volume 

percentage of hydrogen in a mixture, a calibration curve was 
constructed. For this, several different mixtures of known 
air and hydrogen concentrations were made up, allowed to mix 
thoroughly and analysed under the same conditions as used in 
the main experiment. With each mixture a specimen of pure 
hydrogen (99*9%) was also sampled, and the ratio of heights 
for the hydrogen peak obtained from the gas mixture and that 
obtained from pure hydrogen was used to construct a curve of 
peak-height ratio against hydrogen concentration (volume %) 
in the mixture. During the main experiments a specimen of 
pure hydrogen was sampled after each analysis of evolved gas 
and the peak-height ratio v/as thus obtained.

2.1.1.6 Metallographic Examination of the Structure of 
Corrosion Scales

It was found that the stereo-binocular microscope is 
very convenient for the study of corrosion scales at low 
magnifications (up to XlOO). Since there is considerable 
depth of field the structure of the scale can be studied in 
three dimensions while components of the scale can be seen 
in their natural colours. In the latter respect, where several 
compounds of distinctive colour occur together, such as black 

and orange y-FeOOH, the distribution of a particular 
compound can often be studied by inspection.
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At higher magnifications (up to XIO^) scanning electron 
microscopy (SEM) is used for three-dimensional examination of 
corrosion scales. In this technique an electron beam of 
between 3 and 40 kV is incident upon the specimen. Reflected 
electrons are collected by an electromagnetic collector which 
focusses and displays the collected signal upon an oscilloscope 
tube, giving an image of the specimen. The depth of field is 
large, enabling detailed examination of three-dimensional 
structure. The range of magnification is also large (from 
X20 to XIO^ or 10^) enabling both macro- and microscopic 
features to be examined in quick succession. Differences in 
tone arise in the same way as in optical illumination, and 
in addition can be due to differences in electrical conductivity 
of the materials under the electron beam. High-conductivity 
materials such as magnetite conduct away a larger proportion 
of the incident beam than high-resistivity materials; the latter 
reflect more of the beam and so appear lighter in tone. These 
effects are further discussed in Ch. 3*3*2.

2.1.2. Experimental Procedure

2.1.2.1. Commissioning of System

All boiler components were cleaned with ethyl alcohol and 
thoroughly dried immediately prior to assembly. All copper 
pipework and brass compression fittings were cleaned out with 
alcohol and sharp edges were filed smooth to remove any solid 
copper particles which might affect corrosion reactions. 
Initially, the whole system except the boiler was flushed with
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distilled water and allowed to dry out. It was then filled 
completely with experimental water (of composition shovrn in 
Table 2.2) then sealed and run at room temperature with the 
pump at maximum speed. After 20 hours most of the entrained gas 
seemed to have been vented. The flow-rate was 0.19 1 s"^
(2.3 gallons/minute).

The system v/as heated and kept at ^0^0 for 43 hours. 
Heat-transfer wall temperatures rose to between 76 and 94^0, 
and remained steady. Measurement of oxygen level at this 
point showed 4 -0.3 ppm 0^, which is close to the saturation 
level at this temperature. After 70 hours the system attained 
73°C. It was then found that the fan convector "heat-load" 
extracted too much heat from the system to enable it to run 
at 73^C. It v/as therefore kept switched off and the system 
was run with no load other than radiant heat losses from the 
pipework. Under these conditions, water flow and return 
temperatures were 73^ and 72°C respectively.

2.1.2.2. The Main Experiment

The system was run at 73°C for 64 days. For the first 
27 days daily sampling and chromatography were carried out on 
evolved gas. All sampling was carried out at 20^C and 
atmospheric pressure was assumed to be 1 bar. Analysis of the 
first three samples, or aliquots, from the system invariably 

showed that the hydrogen level was constant, so that, 
subsequently, only one sample in three was analysed, the 
remainder being vented to air after volume measurement. After
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27 days it was considered that analysis on only one day in 
four was sufficient to establish the rate of hydrogen evolution 
with time. On intervening days gas was vented after volume 
measurement.

The dissolved oxygen level was measured about once every 
four days, while heat-transfer wall temperatures were measured 
daily and water samples were periodically.extracted from a 
drainage port (at the bottom of the pipework) for chemical 
analysis. After 68 days it was observed that the rate of 
hydrogen evolution, while erratic, was remaining approximately 
constant. A serious air leak was also apparent and this could 
not be repaired. The leak appeared to arise from the positioning 
of the v/ater-flow exit (Fig 2.2). It seemed that gas became 
permanently trapped between the roof and the top of the exit- 
pipe. The heater-units were bolted into the boiler roof 
through a quarter-inch flange with a water-sealing gasket 
between. Since the gas trapped inside the roof was under 
suction from the water pump, the gasket appeared to be the 
source of in-leakage.

Because the leak could not be repaired the experiment was 
stopped after 64 days. All power was switched off and the 
boiler immediately isolated. The heater-units were extracted 
as quickly and as carefully as possible, gently immersed in 
alcohol to displace water from the corrosion scale, extracted 
and dried in a cold air-stream. The boiler was then drained 
and dried out as quickly as possible.
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2.1.3* Results and Discussion

2.1.3*1* Examination of Scale on the Heater-Units

Visually, all heater surfaces had similar corrosion 
patterns, as can be seen in Fig,2.7; it should be noted that, 
with respect to Fig.2.7, the heaters were inverted when in the 
boiler. All faces had a heavy, brown scale at one end, while 
the remaining faces were black. There was a sharp transition 
between the two colours which seems to have been the water 
level in the boiler. The corrosion product below the water
line was black, powdery and non-adherent.

Compounds present were identified by X-ray powder 
diffraction analysis. Every crystalline compound gives a 
unique spectrum of diffraction lines when exposed to a 
monochromatic X-ray beam. In particular, compounds of closely 
similar chemical composition, such as iron oxides, which are 
difficult to separate by chemical analysis, give easily 
distinguishable X-ray spectra. All reported powder spectra 
are listed in standard tables (published by ASTM Joint 
Committee on Powder Diffraction) from which unknown spectra 
can usually be identified.

In the present case. X-ray analysis of the scale below 
the waterline showed magnetite (Fe^O^) together with about 
13 lines which could not be ascribed to any compound in the 
ASTM index. The scale had a greenish hue and it was thought 
that the unassigned lines may have originated from one of the
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green iron hydroxy compounds reported by Feitknecht (1939) 
and others. This is the subject of further investigation 
reported in Chapter 4*

The green-black scale became black at the waterline.
Here there was a narrow strip of very adherent scale which 
was black along its lower edge, red along its upper edge and 
about ten times as thick as the underwater scale. X-ray 
powder analysis showed that the red upper edge contained 
magnetite, hematite (a-Fe^O^) and lepidocrocite (y-FeOOH).

The corrosion product above the waterline consisted of 
large, non-adherent brown scales. X-ray analysis showed 
that these were composed of hematite, while a magnetite scale 
occurred on the underlying metal. Anhydrous calcium sulphate 
occurred in white flecks.

One heat-transfer wall was sectioned across the waterline 
for a metallographic study of the depth of corrosion attack. 
Optical microscopy showed (Fig 2.8) that deepest penetration 
occurred immediately above the waterline, with least penetration 
at the waterline under the adherent scale. Below the waterline 
attack appeared relatively slight. The area of intense attack 
(shown in detail in Fig 2.9) showed pitting. Hov/ever, a 
higher magnification study showed that preferential attack of 
particular phases of the iron microstructure had not occurred. 
Examination of the boiler shell showed that the corrosion scale 
was thickest at the waterline, although not as thick as along 
the waterline in the heater-units. X-ray analysis showed 
magnetite, lepidocrocite and the unindexed reflections already 
noted.
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2.1.3*2 Rates of Hydrogen Evolution

The rates of hydrogen evolution for the duration of 
Investigation I are listed in Table 2.3 and shown in Fig.2.10. 
Table 2.3 also shows the volume percentages of hydrogen in 
the samples, measured from peak-heights using the calibration 
curve as already explained.

Chromatography always gave two peaks; one with a 
response-time similar to that of pure hydrogen, and another, 
smaller and less well-defined, with a response time similar 
to that of air. Unfortunately, separate oxygen and nitrogen 
peaks were not resolved, so that it was not knov:n whether all 
oxygen was consumed, but the air peak and the hydrogen peak 
were both obtained throughout the experiment. The system was 
not suitable for detecting carbon dioxide or methane in the 
presence of air, so that these gases may also have been present 
Both the chromatographic analysis and the measured levels of 
dissolved oxygen (Table 2.4) indicate continuous ingress of 
air to the system. It is interesting to note that air leakage 
appeared to stimulate hydrogen evolution. A study of Table 
2.3 indicates that the rate of evolution of hydrogen could 
change by a factor of ten without significantly altering the 
proportions of hydrogen and air. Thus, from day 3 to day 6, 
the gas evolution rate varied from 2.3 ml h"*̂  to 17*9 ml h"^, 
while the proportions of hydrogen were, respectively, 17-19% 
and 9-19%. A similar effect occurred on days 8 and 9* An 
increase in the oxygen level thus appears to increase the rate
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of hydrogen evolution. The significance of this is discussed 

in Ch. 2.2.3.4*

2.1.3*3* The Corrosion Process

It was not possible to study the corrosion processes in 
situ but metallography indicates that most corrosion occurred 
at the scaled surfaces of the heater-units. If it is assumed 
that the sharp, horizontal transition between the heavy, brown 
scale and the blackish scale represents the water level in the 
boiler, then the two regions have been subjected to very 
different corrosion environments. The heavily-scaled region 
was exposed to a gaseous environment of similar composition 
to the gas samples analysed. The metal wall temperatures 
were in excess of lOO^C for most of the experiment (up to 146^C), 
Below the waterline they were probably below 100°C, but some 
boiling must have occurred at the gas-metal-water interface.
The gas over the water would thus contain hydrogen, air, and 
water vapour, with the air content being continuously replenished, 
A thermogalvanic effect may also have occurred and this 
combination of conditions has resulted in relatively severe 
corrosion.

No explanation can yet be given for the formation of the 
compact, adherent waterline scale. Its appearance is surprising 
since Evans & Gould (1947) using steel partly immersed in 
boiling water, obtained intense waterline corrosion under heavy 
magnetite scales. However, their specimens were not heat- 
transferring.
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2.2. Investigation II

2.2.1. Modifications to Model System

During Investigation I typical operating conditions for 
a central heating system were not obtained since air leakage 
occurred. The system was modified to make it leak-tight.
A new boiler and heater-units were built, the boiler having 
a water-flow exit through the roof so that no gas could be 
trapped underneath (Fig. 2.2). The heater-units were 
unchanged, the SMC "Cadet-S" water pump, the dissolved- 
oxygen port and the separator vessel were all situated as 
before. The fan convector unit was removed from the circuit, 
permitting a higher maximum flow-rate (0.27 I s  ^) to be achieved*

The two chromatograph columns were extracted and reactivated 
by heating to remove moisture. It was then found that oxygen 
and nitrogen peaks could be resolved in a sample of air. A 
header tank (Fig.2.11) was installed to allow fresh water to 
be added to the system to compensate for leakage and sampling 
losses. During Investigation I compensating water was added 
by a filler port on the return side of the pump, causing air- 
entrainment. The tank used in Investigation II consisted of 
a glass vessel of 2 litres capacity connected to the system 
at its approximate mid-point. When valve C was opened water 
was drawn from the tank into the system. The same systems of 
heating and temperature control were used as in Investigation 
I and heat-transfer wall temperatures were monitored in the 
same way.

The water pump, oxygen port and gas separator vessel,
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with their connecting piping, were dismantled and thoroughly 
cleaned of corrosion scale. Adherent rust remained in the 
pump casing. Pipe-joints on these sections were replaced by 
new joints, annealed before fitting. It was evident that much 
corrosion scale remained within the system and that this was 
inaccessible without total dismantling. The system was 
flushed and drained ten times with tap water, the tenth 
flushing being left for 24 hours, after which it was only 
faintly coloured with scale. The system was flushed finally 
with distilled water, drained and dried out for one month.
The remaining corrosion product in the piping appeared to be 
immobile and unlikely to be carried into the boiler to interfere 
with scale formation. Prior to final assembly, the new 
boiler and heater-units were cleaned and dried as for 
Investigation I.

2.2.2 Experimental Procedure

2.2.2.1 Commissioning

The system was filled with a fresh supply of standard 
water of composition shown in Table 2.3 (compare with Table 
2.2). At first the boiler was isolated. When all pipework 
was full the boiler v/as opened, the system completely filled 
and the pump switched to maximum speed. The duration of the 
experiment was measured from this point. All air was removed 
after about 1 hour, at which point the flow-rate was 0.18 1 s"^. 
The water passing through the separator was brown on starting
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up and gradually deepened in colour. However, the system was 
run at 1?°C for 24 hours, during which the water cleared up 
again and some gas collected. Chromatographic analysis 
showed a small hydrogen peak followed by a large nitrogen 
peak, but no oxygen peak was found. The dissolved oxygen 
level at this point was 0.3 to 0.4 ppm, which is much lower 
than the saturation level of 9*0 ppm.

After 24 hours the system was heated and reached 73^C 
after a further 6 hours. The return temperature was then 
72^C. Heat-transfer wall temperatures also attained steady 
values between 8l°C and 92°C;(variations were most 
probably due to different heat-transfer efficiencies between 
heater elements and the iron surfaces).

2.2.2.2 Main Experiment

The system was run at 75^C for 68 days. Gas chromatography 
was carried put whenever sufficient gas (100 ml) had accumulated 
for analysis. Throughout most of the investigation, analysis 
was required every 24 hours to bleed off gas from the system.
In the latter stages, however, between 48 and 72 hours were 
required to accumulate sufficient gas. The total volume of 
gas was measured as already described (Ch. 2.1.1.4) correcting 
to 20^C and assuming an atmospheric pressure of 1 bar. The 
first three aliquots of 100 ml sampled were always analysed 
for hydrogen content. If this was found to be constant (as 
was usually the case) then a uniform hydrogen content was 
assumed for the gas remaining in the system so that, subsequently.
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only one aliquot in three was analysed. The remainder were 
vented to air after volume measurement.

During sampling of gas, fresh standard water from the 
header tank was allowed to enter the system through the valve 
C (in Fig.2.11). It was found that water had only flowed in 
while gas was being extracted. Initially, the tank was 
disconnected from the system when the tank needed replenishing 
It can be seen that, on reconnecting to the system and opening 
valve C, air in the tube (about 1.3 ml) was drawn into the 
system. After 23 days the tank was permanently connected to 
the system, the feeder tube was kept under water in the tank 
and the water was deaerated continuously with hydrogen. Fresh 
water added to the tank v/as deaerated for 12 hours before 
passing into the system and this whole procedure was followed 
for the remainder of the experiment.

Water samples were extracted for chemical analysis after 
the following times; 24 h at 1?^C; 66 h, 168 h, 308 h, 433 h, 
and 846 h at 73^0. The pH was determined, while levels of 
chloride, carbonate, dissolved copper, dissolved iron, solid 
copper and solid iron were analysed (Table 2.3)* No samples 
contained solid on extraction, but all were of a milky 
cloudiness. Air contact could not be avoided during sampling, 
so that, although solutions were subsequently stored out of contact 
with air, the milky texture disappeared in 12 hours leaving a brown 
precipitate of lepidocrocite (y-FeOOH). The significance of 
this is discussed in Ch. 2.2.3*4*
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Analysis of dissolved oxygen was, unfortunately, unsuccessful.
As already noted, 0.3 to 0.4 PPm 0^ was registered after 24 
hours at 17^C. Subsequently, however, the sensor always 
gave a reading below "zero-oxygen" in water at which is
evidently meaningless. It became clear that the electrode 
did not perform reliably in the system. Possible reasons 
were interference from electric fields associated with the 
pump or with the heater elements. A certain amount of data 
on the oxygen level was obtained from the chromatography 
results.

Continuous measurement of the heat-transfer wall 
temperatures showed that these remained fairly constant 
throughout the experiment.

After 68 days at 73°C the rate of gas evolution had 
fallen so that about 3 days were required to accumulate 
sufficient gas for analysis. The rate of hydrogen evolution 
had fallen to about one percent of the maximum rate and 
continued to fall. The corrosion scale appeared to be becoming 
increasingly protective, although hydrogen was still evolved.
It was decided that an examination of the scale at this point 
would prove more interesting than obtaining further experimental 
data. The system was, accordingly, shut down after 68 days.
The water pump and power supply were switched off, the boiler 
was isolated and the heater-units were removed and dried as 
in Investigation I. The boiler was then drained and dried.
No scale appeared to be lost or damaged during dismantling.
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2.2*3 Results and Discussion

2.2.3.1 Study of Boiler Corrosion Scale

On extraction from the boiler the face of the heater- 
units were black (Fig,2.12) with an area of faintly white 
deposit across the centre of each face, most noticeably on 
the face which had run at the highest temperature. The black 
scale was shown by X-ray diffraction to contain magnetite, 
but also showed the unindexable X-ray lines found in 
Investigation I. The white deposit contained the compound 
(Cu Zn)^ CO^ (OH)^* No trace of the commoner hardness salts 
like calcium sulphate was found.

Stereo-optical microscopy showed that the magnetite 
scale was powdery and easily removed. A cross-section v/as 
prepared through that part of the surface showing the heaviest 
white deposit. Scanning electron microscopy (SEM) showed a 
duplex magnetite scale consisting (Fig.2.13) of a thin, 
compact scale adjacent to the iron and an outer scale of 
masses of well-developed magnetite crystals. The latter 
appeared in various sizes, the smaller ones in discrete 
clusters, while the compound (Cu Zn)^ (OH)2 also showed 
a characteristic morphology (Fig.2.14).

2.2.3*2 Rates of Hydrogen Evolution

The rates of evolution of both hydrogen and "total-gas" 
(hydrogen-plus-nitrogen) are shown in Table 2.6 and in Fig.2.13*
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Examination of the chromatograph chart traces shows that, 

in all cases, the hydrogen peak was followed by a second peak 

with the response time of nitrogen, but no peak corresponding 

to oxygen was found. Under the conditions of analysis the 

nitrogen peak was about 2/J of full-scale deflection. By 

increasing the instrument sensitivity from 10 mV to 1 inV fsd 

an air sample was well resolved into two peaks, the oxygen 

peak-height being about 45% of the nitrogen pealc-height. 

However, several samples from the system were analysed at 1 mV 

fsd and showed no oxygen peak in the expected position. The 

"tail" of the hydrogen peak partly obscured the start of the 

nitrogen peak, but it was clear that the samples contained no 

detectable oxygen. The presence of nitrogen indicates ingress 

of air to the system, while the absence of oxygen indicates 

that it has reacted within the system.

The rates of gas evolution as a function of time over 

the whole experiment (Fig 2.15) showed several distinct stages.

i) Hydrogen was first detected after 24 hours at 1?^C.

At 75°C the total rate of gas evolution rose to a maximum of

32.4 ml h"*^after 7 days, then fell to a steady value of I4.O 
ml h~^ after 14 days. During this time the proportion of 

hydrogen increased steadily and reached 96 percent by volume 

after 8 days, this being the maximum attained throughout the 

experiment.

ii) Between 16 and 22 days the rate of gas evolution was 

erratic but fairly constant at about I4 ml h ^, with a constant
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proportion of hydrogen (91 to 96 percent by volume).

ill) On Day 20 the rate of gas evolution suddenly 

increased from 12.5 ml h**̂  to 17.8 ml h"^. The proportion of 

nitrogen increased from 6.5% to 11.0%, indicating an increase 

in air leak-rate, while the hydrogen evolution rate increased 

by 35%, suggesting that ingress of air had stimulated hydrogen 

production.

iv) After 29 days the total rate had subsided to 10 ml 

h~^. At this point continuous deaeration of the header tank 

was introduced and the rates of both "total-gas" and hydrogen 

evolution subsequently decreased along well-defined curves (A 

to B in Fig 2.15) for a further 14 days. The proportion of 

hydrogen remained between 85 and 91 volume percent. All 

joints and flanges were re-tightened and re-sealed, but this 

did not noticeably affect the leak-rate, suggesting that a 

combined leakage was occurring from all joints and flanges.

V) After 47 days an air leak occurred when a heater 

unit developed a water leak. The total rate of gas evolution 

increased from 2.7 ml h~^ to 4.2 ml h~^, while the quantities 

of nitrogen and hydrogen evolved increased by 78% and 46% 

respectively.

vi) After a further six days the hydrogen rate had 

subsided to 3 ml h ^. It continued to fall, levelling off 

between 0.6 and 0.9 ml h"^ after 50 days, with hydrogen 
constituting about 45% of the gas mixture. The total rate of 

evolution continued at a constant level, with constant
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proportions of constituents, for a further 14 days, after 
which the experiment was terminated. The final evolution 
rate of hydrogen was less than two percent of the maximum 
rate.

2.2*3.3 Kinetics of Reaction

Some comparisons can be drawn between the present results 
and those of previous workers. Fellows (1929) studied the rates 
of hydrogen evolution from mild steel reacting with steam in 
various states (wet, dry and superheated) at temperatures up 
to 650^0; for times up to 3 hours. The rate of hydrogen 
evolution was, in all cases, similar to that observed at 75°C; 
a rapid increase to a maximum, followed by a slow decline to 
a low, fairly sustained rate. The area of reacting metal 
surface at high temperature was only one-third of that in the 
present work, yet the hydrogen evolution rate per unit area 
of metal was over two orders of magnitude greater than at 73°C. 
Fellows extended one experiment to 30 times the normal 
duration and observed that hydrogen evolution continued, 
somewhat erratically, at a low rate. He concluded that the 
rate dropped to a small fraction of its maximum value, but 
that the oxide scale which formed showed no sign of becoming 
completely protective.

Ulrich (1935) obtained similar results in a study of the 
hydrogen content of steam generated by working boilers. He 
analysed his own results and those of Fellows at 380^C in
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terms of parabolic thickening of the boiler scale (discussed 

in detail below).

Work has also been carried out at CERL (Central 

Electricity Research Laboratories) on the kinetics of scale 

formation on mild steel in sodium hydroxide solutions at 

(Potter & Mann, 1965? Castle & Mann, 1966; Castle & Masterson, 

1966). It was shown that iron dissolves ana diffuses outwards, 

the scale thickening by nucléation and growth of magnetite 

crystals from solution according to a parabolic law;

= k^t + k^ 2.1
w is tne weight of corrosion product after rime t.

A parabolic relationship implies that the rate-controlling 

process in scale formation is diffusion of a reacting species 

across the existing thickness of scale. However, the rate of 

formation may be partly controlled by the rate of a reaction 

at the interface, which gives a mixed parabolic equation;

w = k? t -t- k, 2.2
w

The data on hydrogen evolution from the present work were 

analysed for the existence of one of these relationships, 

although it was recognised that not all scale had formed due 

to hydrogen evolution. The quantity w was taken as the cumulative 

weight of hydrogen evolved. The period from Day 29 to Day 68 

of the experiment was chosen for analysis since here the 

hydrogen rate followed a well-defined curve. The daily weights 

of evolved hydrogen are summed (in Table 2.7) to give w. The
pquantity v/" is plotted against t in Fig 2.16 and is linear from 

Day 29 to Day f0. A plot of w against Î (the mixed parabolic hy
pothesis) was found to be non-]inear over this time.
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The evolution rate up to Day 50 thus followed a parabolic 

law. At this point the hydrogen evolution rate increased due 

to an air leak, but when the additional oxygen was exhausted 

the hydrogen rate fell to a lower value than before (Days 48 
to 68). It cannot be sai.d from available data whether this 

deviation represents a new rate law or is a transition to a 

new parabolic curve of lower rate constant.

If hydrogen evolution is assumed to correspond directly 

to scale formation then the rate constant can be compared with 

that obtained by Potter & Mann at (0.64 mg^cm ^h ^).

The rate constant (k^) of the present results must be converted 

to comparable units for magnetite formation. For this it is 

assumed that hydrogen and magnetite arise in the proportions 

given by the equation.

5Fe + 4H2O = Fe^O^ + 4H^ 2.3

The rate of magnetite formation per unit area of the boiler 

surface is calculated and gives a rate constant of 6.5 % 10  ̂

mg ̂  cm”^ h"^, which is about one order of magnitude lower than 

the rate constant determined by Potter and Mann. This difference 

may be attributed to lower diffusion and reaction rates at the 

lower temperature.

At both temperatures, however, the magnetic scale 

morphologies appear to be similar. Mann and cc-workers 

observed a duplex magnetite scale, consisting of a compact, 

adherent inner scale and a loose, porous outer scale, the latter 

appearing to have grown from solution. The scale formed at 

75°C is similar (Fig 2.13). As already noted, Castle &

Masterson showed that the corrosion rate is controlled by 

outward diffusion of a primary ferrous species having
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a higher solubility than magnetite, Bignold, Garnsey & Mann 
(1972) state that, at 300^0, 7*5 times as much dissolved iron 
is in equilibrium with FetOH)^ as with magnetite. It is argued 
that this solubility difference creates a driving force for 
outward iron diffusion, Linnenbom (1958) showed that the 
primary dissolved ferrous species below lOO^C is also much 
more soluble than magnetite; in the preseht work this primary 
product has appeared as a milky suspension. The similarities 
between corrosion at 75^0 and therefore suggest that
outward diffusion of dissolved iron is probably the rate- 
controlling process at 75^C.

2,2.3.4. Corrosion Reactions

In the present work air has continuously entered the 
system so that some corrosion has occurred by oxygen reduction. 
In this section the relative importance of the oxygen-reduction 
and hydrogen-ion-reduction reactions (reactions 1,2 and 1.3) 
during the experiment is discussed.

Firstly, from the data of Table 2,6 and Fig,2.13, an 
estimate can be made of the separate weights of magnetite formed 
by the respective cathodic reactions on any particular day.
The quantity of oxygen consumed is calculated from the quantity 
of nitrogen evolved, assuming that both of these come from air. 
It is also assumed;

a) that hydrogen evolution accompanies magnetite formation;
3Fe + 4H2O = Fe^O^ + 4H^ 2.3
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b) that all oxygen entering the system is consumed;
3Fe + 20̂  = Fe Ô̂  2.4

and c) that magnetite is the only solid corrosion product.
As an example, on Day 33 of the experiment the evolution 

rates of hydrogen and nitrogen were 7.2 ml h ^ and 1.1 ml h ^ 
respectively. These correspond to evolution of 14*4 mg of 
hydrogen and comsumption of 6.8 mg of oxygen in the 24 hour 
period. These quantities correspond to the formation of 
417 mg and 24*6 mg of magnetite by equations 2.3 and 2.4 
respectively. The greater part of the magnetite was thus 
apparently produced by hydrogen evolution. In this manner 
the total weight of magnetite formed during the whole experiment 
can be calculated. Altogether 1,013 mg of hydrogen and 432.1 mg 
of oxygen (at 20^C and 1 bar) were involved, giving a total of 
30.97 g of magnetite. Of this quantity, 1.37 ë formed by 
oxygen reduction and 29.4 g by hydrogen evolution.

By measuring the scale thickness in the boiler and the 
inner surface area it was calculated that roughly 12.2 g of 
magnetite formed in the boiler. (This approximate estimate 
will be rather too high since it assumes a continuous magnetite 
scale, whereas the scale is, in fact, porous). However it 
appears that less than half of the total weight of magnetite 
forms a scale in the boiler. The remainder is presumably 
formed and deposited throughout the system, with some forming 
on the pump casing. Examination of the boiler pipework after 
the experiment showed large deposits of magnetite and 

lepidocrocite therein. Despite - the larger proportion of
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non-adherent scale, that which does form on boiler surfaces 
eventually becomes protective*

The equations 2*3 and 2.4, assumed above, represent 
overall reactions which can be considered in stages. The 
primary anodic reaction will be

Fe + OH" = FeOH* + 2e 2.3
while the primary cathodic step is predominantly hydrogen ion 
reduction:

ZE* + 2e = Hg 1.3
Thus the predominant overall primary reaction becomes

Fe + H^O + = Fe OH"*" + 2.6
The presence of a milky suspension suggests that FeOH^ is in 
equilibrium with a primary solid corrosion product, which is 
tentatively assumed to be Fe(OH)^;

FeOH"*" + OH" = FeCOH)^ 2.7
The concentration of FeOH^ will reach a limiting value 

when the solubility limit of FeCOH)^ is exceeded. Ingress 
of oxygen, however, rapidly oxidises both FeOH* and FeCOH)^ 
to magnetite, stimulating further iron dissolution and hydrogen 
evolution by reaction 2.6. This offers one explanation for 
the stimulation of the hydrogen evolution rate by air leakage.
It also explains why the greater proportion of scale forms 
in solution, away from the boiler walls.

Thus, by the above argument, hydrogen evolution accompanies 
the primary anodic dissolution of iron, but magnetite is 
precipitated by ingress of oxygen. Continuous iron dissolution 
and hydrogen evolution therefore depend on continuous removal
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of ferrous species as magnetite. If the only source of hydrogen 
is primary cathodic reduction then the molar quantities of 
hydrogen and oxygen which correspond can be calculated. The 
overall primary reaction

Fe + H^O + = FeOH* + 2.6
is followed by formation of magnetite by oxygen reduction;

6FeOH'*‘ + 0^ = 2Fe^0^ + 6h‘̂ 2.8
The molar quantities of oxygen and hydrogen involved in 

this case are in the ratio 1:6. In practice the molar quantities 
are in the ratio or 1:38. The quantities of
hydrogen being evolved therefore indicate that hydrogen is 
formed by reactions in addition to the primary cathodic reduction 
(reaction 1.3). These additional reactions most probably involve 
formation of the higher oxidation products (magnetite and the 
green compound noted in Ch. 2.2.3*1) and may be the Schikorr 
reaction, which is usually written

3Fe(0H)2 = Fe^O^ + 1.?
At lower concentrations of dissolved iron this reaction probably 
involves FeOH* ions rather than Fe(0H)2*

The arguments developed above also offer an explanation
for the results of Investigation I, where the proportion of
hydrogen in evolved gas remained virtually constant, even though 
the evolution rate of gas (air and hydrogen) varied over an 
order of magnitude. This behaviour suggests that the rate of 
hydrogen production depends significantly upon the rate of 
oxygen uptake by the system. The proportion of hydrogen in

-  43 -



sample gas in Investigation I, while steady, was much lower 
than in Investigation II, where hydrogen ion reduction was 
the predominant cathodic reaction.

2.2.3*5. Variations in Water Chemistry

Table 2.3 indicates that the anionic, components of the 
water did not vary during the experiment in any way which could 
be related to the rate of hydrogen production. The increase 
in carbonate level in the first experimental sample was 
probably due to absorption of carbon dioxide on standing in 
air. No explanation can be offered for the acidic pH found 
after 168 hours. Levels of chloride and sulphate remained 
virtually unchanged by corrosion.

In Ch. 1.2 reference was made to the possible effect 
of copper in stimulating the conversion of ferrous hydroxide 
into magnetite and hydrogen by the Schikorr reaction (reaction 
1.7)* Reference to Table 2.3 and Fig.2.13 shows that, while 
the levels of dissolved and "total" copper both increased 
steadily between Day 13 and Day 33, the rate of hydrogen 
evolution was decreasing. Any effect, therefore, which copper may 
have had on this rate is not apparent from these results.

On the other hand, the level of dissolved iron was seen 
to increase markedly after 7 days and to remain at a high level 
thereafter. It is reasonable to associate this rise with the 
decrease in the oxygen level in the system, which, as already 
discussed, would permit higher levels of ferrous compounds to
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exist in solution. The rise in iron level from 0*03 PPm to
1.26 ppm between Day 3 and Day 13 corresponds to a change in 
iron concentration from less than 10 ^ mol 1 ^ to about 
10"^ mol 1”^. It is of interest to compare this with the 
value of solubility product calculated by Leussing & Kolthoff

'2̂(at 23^0) in deaerated suspensions of Fe(OH)_;

^l.Fe(OH)p “ ^FeOH"^ ^ *0H" = 4 x 10 mol 1 2.9
+Thus, at a pH value of 7, the maximum level of FeOH 

expected would be 4 x 10~^ mol l"^. The soluble iron level 
in the model system is about one order of magnitude lower 
than the solubility limit for Fe(0H)2 and is thus consistent 
with appreciable dissolution of iron to form FeOH* according 
to equation 2.6.

2.2.3*6. Precipitation at Heat-Transfer Surfaces

The presence of the compound (Cu Zn)2 CO^»(OR)^ has 
been confirmed by X-ray powder diffraction. It deposited 
on the hottest parts of the. heat-transfer surfaces, indicating 
that its water-solubility falls with rising temperature. The 
compound occurs naturally as the mineral rosasite and is 
usually represented as (Cu Zn) CO^. (Cu Zn)(0H)2* or basic 
copper zinc carbonate (Dana, 1938). Its occurrence suggests 
possible corrosion of the brass joints in the pipework.
Although an examination of the joints immediately on the return- 
side of the boiler revealed no visible evidence of corrosion, 
higher heat fluxes and longer corrosion times may produce a 
noticeable effect.
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2.3 Summary
The results obtained in the foregoing work are summarised 

as follows.
i) It has been shown that, in a simplified model 

central heating system under a low oxygen level, the rate of 
hydrogen evolution from the cast iron boiler rose to a maximum 
after 9 to 10 days then decreased continuously. After 68 days 
the rate had fallen to about 2% of the maximum rate and would 
doubtless have decreased further with time. During this decline 
the evolution rate was parabolic and was about 100 times lower 
than the reported parabolic rate at 380^0.

ii) The rate of hydrogen evolution was stimulated by a 
sudden increase in oxygen level in the system. This phenomenon 
requires a more detailed ptudy, but it appears from the present 
results that, under a low oxygen level, hydrogen evolution 
accompanies anodic dissolution of iron and also appears to be 
evolved during magnetite formation. Oxygen appears to be 
consumed in magnetite formation; a sudden influx of oxygen 
will cause the rate of magnetite formation to rise sharply, 
stimulating both iron dissolution and primary cathodic hydrogen 
evolution.

iii) The boiler scale becomes increasingly protective.
At the stage where the hydrogen rate had decreased to 2% of 
its maximum value the scale consisted of two layers of magnetite 
and was similar in appearance to scale formed on mild steel 
in water at 300*^0. The rate of parabolic scale growth at 300^C
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is about 10 times that of hydrogen evolution at 73^C, If it 
is assumed that hydrogen evolution corresponds directly to 
formation of adherent scale at 75°C then the two-layer scale 
in the present work also thickens at a parabolic rate and 
the rate-controlling mechanism is probably the same in each 
case - outward diffusion of ferrous ion species through the 
scale,

iv) During parabolic hydrogen evolution a low but constant 
level of nitrogen occurred, indicating a constant leakage of 
air into the system. This was probably an accumulation from 
many joints. The question of adequate jointing in service 
systems is important, since it is seen that air leakage appears 
to stimulate hydrogen evolution. Continuous hydrogen formation 
over long times may well be due in part to air leakage from 
joints and from the header tank during thermal cycling, 

v) It has been demonstrated that, where air leaks 
into a system and is permitted by the design of the system to 
become trapped against heat-transferring ferrous surfaces then 
severe corrosion will occur. This is in contrast to the case 
of no-heat-transfer where severe waterline corrosion occurs.

vi) The model central heating system developed has been 
used to investigate corrosion under controlled conditions and 
could readily be used for a series of similar experiments in 
which parameters were systematically varied to give results 
readily comparable with the present results. (See "Suggestions 
for Future Work" in Chapter 7).

-  47 -



Fig 2.1 General View of Model Central Heating System.





Fig 2.2 Section and Plan of Boiler in Model System, 
showing Heater-Units in Position, and Design 
Modification to Water Outflow for Investigation
II.
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Fig 2*3 Section ana Plan of Boiler Heater-Unit for Model 
System.
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Fig 2»4 Schematic of Beckman "Fieldlab" Dissolved Oxygen 
Electrode and Meter.
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Fig 2.6 Apparatus for Separation and Sampling of Gas 
Evolved from Model System.
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Fig 2.7 Boiler Heater-Units after Corrosion in Investigation 
I (Right), with Uncorroded Heater-Unit (Left).





Fig 2.8 Pattern of Corrosion Attack on Heater-Units in
Region of Waterline; Investigation I. Position 
of Waterline indicated by Thick Scale at Centre of 
Upper Surface. Upper Surface to Right of this was 
above Waterline. X6.



Fig 2.9 Detail from Fig 2.8; Pitting-type Corrosion 

Immediately above Waterline. X20



Fig 2.10 Investigation I. Rates of Hydrogen Evolution 
from Model System,
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Fig 2.11 Investigation II. Header Tank Assembly for 
Make-up Water Addition.
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Fig 2.12 Investigation II. A Heater-Unit after Corrosion.





Fig 2.13 Investigation II. Duplex Magnetite Scale on Heat- 
Transfer Surface. Compact, Inner Scale has become 
partially detached from Iron Substrate. SEM.

Fig 2.14 Investigation II. Morphology of Outer Scale on
Heat-Transfer Surface. Dark Crystals are Magnetite, 
Light Crystals are (CuZn)^.CO^(OH)^. SEM
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TABLE 2.1
Chemical Analysis of Grey Cast Iron used in 

Model System: (Weight Percentages)

C. 3.28; Si. 2.72; P. 0.076; S. 0.115; 
Mn. 0.56; Cu. 0.104; Cr. 0.035*.

TABLE 2.2 
Chemical Analysis of Water for Model 

Central Heating System :

Investigation I
pH 7*6; Alkalinity 23 ppm; Cl 55 ppm;
S0^^“ 31 ppm; Ca^* 18 ppm; Mg^^ 20 ppm;
Na^ 10 ppm.



tabu: 2.3
Bates of Hydrogen Evolution (ml h ) from 

Model System during Investigation I

Day Rate of Hydrogen
-1 sEvolution: (ml h )

% Volume 
of Hydrogen

1 6 - 8
2 13 - 15
3 2.0 10 - 15
4 1.8 14
3 2.5 17 - 19
6 17.9 9 - 19
7 2.9 10 - 17
8 2.0 16
9 19.2 17

12 2.4 9 - 15
13 5.9 7 - 13
14 1.5 4 - 7
15 2.3 4 - 14
16 1.6 4 - 8
17 2.0 6 - 10
18 4.6 9 - 13
19 1.6 6 - 1 2
20 1.7 3 - 7
21 1,2 10

23 1.5 4
24 2.2 3 - 8

26 2.3
27 2.3 12 - 13

31 2.8

35 1.6 5 - 8

39 1.2 5 - 9

46 2.0 5 - 8

52 4.3 5 - 9

60 1.5 5 - 9

6. Terminated.



TABLE 2.4

Levels of Dissolved Oxygen in Model System: 
Investigation I

Time;
Days

Water Temp; 
°C

Dissolved Oxygen 
Level, ppm.

Oxygen Level in 
Pure Water at 
Equilibrium with 

Air. ppm.
2 50.0 3.7 4.2

3 49.5 3.7 4.2
8 49.0 1.0 4.2

10 50.0 3.8 4.2
42 48.5 0l9 4.3
44 50.0* 3.9 4.2
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TAÜLÜ 2.6

Rates of Hydrogen and "Total Gas" Evolution; investigation

irly Rate 
"Total Gas"; 
ml.

11

Hourly R. 
of Hydro, 

ml.
Day Hourly Rate 

of "Total Gas'
ml.

Hourly Rate 
; of Hydrogen; 

ml.
Day Hoi 

of

4 6.8 - 36 6.4 5.9
8.8 4.0 37 5.6 5.1

6 16.1 12.1 38 5.4 4.9
7 23.8 20.9 39 5.0 4.4
8 26.3 23.9 40 4.6 4.0
9 32.6 29.7 41 4.1 3.7

10 31.8 30.5 42 3.8 3.3
11 30.3 28.5 43 3.7 3.2
12 27.6 25.4 44 3.2 2.8
13 25.4 23.9 45 3.4 2.7
14 20.7 19.5 46 2.7 2.2
13 17.9 16.9 47 4.2 3.2
16 14.1 13.2 48 3.3 2.2
17 14.1 13.3 49 4.4 2.7
18 13.7 12.9 50 2.9 1.7
19 14.0 13.2 51 1.2 0.7
20 14.7 13.8 52 1.6 1.0
21 12.4 11.7 53/54 1.2 0.7
22 17.8 15.8
23 14.3 12.2 55/56 1.1 0.6

24 12.1 10.7 57/58 1.2 0.5
25 13.9 59/60/61 1.2 0.6
26 12.2 11.3
27 11.8 10.5 62/63 1.2 0.5
28 13. 11.9 64/65 1.2 -

29 8.8 66/67/68 1.1 0.5
30 10.7 9.6
31 10.7 9.5
32 8.9 7.8
33 8.3 7.2
34 6.2 5.2
35 7.1 6.2



TABLE 2.7

Investigation II.. Data for Parabolic & Mixed Parabolic 
Hypotheses over Period Day 29 - 63

Day Volume of 
Hydrogen in 
24H; ml

Weight 
in 24H; 

mg

Cumulative 
Weight (W); 

mg
(XIO ) |(X10^)

29 202.36 16.83 16.83 2.84 5.93
30 229.20 19.07 35.92 ' 12.90 5.57
31 228.24 18.99 54.91 30.15 5.46
32 186.96 15.55 70.46 . 49.65 3.68
33 173.52 14.44 84.30 72.08 5.89
34 123.76 10.46 95.36 90.94 6.29
33 148.08 12.32 107.68 115.9 6.30
36 140.40 11.68 119.36 142.3 6.70
37 123.12 10.24 129.60 167.9 6.94
38 118.32 9.84 139.44 194.4 7.17
39 106.80 8.89 148.33 220.0 7.42
40 95.28 7.93 136.26 244.2 7.68
41 88.32 7.35 163.61 267.7 7.95
42 79.92 6.65 170.26 289.9 8.22
43 77.52 6.45 176.71 312.3 8.49
44 66.0 5.49 182.20 332.0 8.78
43 64.08 5.33 187.53 351.7 9.07
46 52.08 4.33 191.86 368.10 9.38
47 76.08 6.33 198.19 392.8 9.59
48 . 32.08 4.33 202.32 410.1 9.88
49 63.28 5.43 207.93 432.4 10.10
30 40.32 3.35 211.3 446.3 10.41
31 16.36 1.38 212.68 452.3 10.81
52 23.04 1.92 214.6 460.3 11.10

53/54 16.08 1.34 213.94 466.3 11.81
55/56 13.44 1.12 217.06 471.2 12.67
57/58 12.96 1.08 218.14 473.9 13.52
39/60/61 13.68 1.14 219.28 480.8 14.14
62/63 ■ 12.72 1.06 220.34 483.5 13.20



CHAFfER 3

THE INFLUENCE OF DISSOLVED OXYGEN CONCENTRATION 

ON CORROSION OF GREY CAST IRON

Introduction

The work on the model central heating system showed 

that corrosion rates of grey cast iron (as measured by the 

rates of hydrogen evolution) were strongly influenced by the 

level of oxygen in the system. The corrosion scale on heat- 

transier surfaces showed a duplex structure which appeared 

to have formed largely by solution precipitation. In this 

Chapter is reported a detailed study of the corrosimetric 

behaviour of grey cast iron (including the morphology of 
scale formation) as a function of oxygen level in the .range 

commonly found in central heating systems. The present

study is carried out at 30°C (the maximum temperature for 
which the Fieldlab oxygen electrode can be calibrated); 

the apparatus was too small to incorporate a circulation 

loop for cooling water from a higher reaction temperature 

down to 30°C for oxygen analysis. In respect of corrosion 

temperature, therefore, corrosion results from this study 

are not comparable with those from the model system. In a 

preliminary series of experiments (designated Series 0/T) 

the relationship between weight-loss and oxygen level is 

determined for a six-hour period of corrosion, with corrosion 

scales being analysed by X-ray powder diffraction. Subsequently, 

detailed corrosimetric studies are carried out at two oxygen
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levels: a) at 3*0 PPm 0^, where scales consist of lepidocrocite, 
magnetite and a green corrosion product; (Series 3*0) and
b) at 0.44 ppm 0^, where scales contain magnetite and green 
compound only; (Series 0.44). The pattern of corrosion attack 
on the iron is also studied. Finally, similar, but briefer 
studies are reported for three other oxygen levels; 1.0 ppm,
0.60 ppm and 0.10 ppm.

3.1 Approach to Experimental Work

3.1.1 Experimental Apparatus

Experiments were carried out in a glass vessel of 1600 
ml capacity (Fig 3.1).

The vessel had a detachable glass lid with five necks 
to accommodate instrumentation. The water was stirred by a 
glass/PTFE paddle rotated through the central neck by a 
variable speed motor. Other necks accommodated a thermometer, 
the Fieldlab oxygen electrode, a gas bubbler and a gas exit 
valve. A two-way mixing valve allowed passage of a mixture 
of two gases. The whole apparatus was supported in a constant- 
temperature bath controlled to approximately -2^0. It could 
be dismantled and the corrosion specimen extracted in 
approximately 20 seconds,

3.1.2 Preparation of Standard Water

The water used in these experiments was of similar 
composition to that used in the model central heating system. 
Several batches were required and chemical analyses of all
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batches are given in Table p.l. (cf. Tables 2.2 and 2.3)

3.1.3 Characterisation of Grey Cast Iron

Work was carried out exclusively on grey cast iron.

Tnis was supplied in the form of cast plates approximately 

5 mm thick. In chemical composition (Table 3*2) it differs 

only slightly from the grey cast iron used in the model 

system (Table 2.1). The micro structure, two examples of 

which are shown in Fig 3*13» consisted of pearlite, cemontitc, 

and flalie graphite.

3.1.4 Analysis of Magnetite by the Internal Standard X-Ray 

Technique

During the present experiments corrcsien scales were 

obtained which contained magnetite and other oxides of iron.

It was required to estimate the proportion of magnetite after 

different corrosion times. This is most readily done by 

X-ray powder diffraction analysis (previously used to identify 

corrosion products in the model system; Ch 2.1.3.D .
Quantitative X-ray analysis can be carried out by the internal 

standard technique; this involves adding a standard substance 

like sodium chloride or alumina to a mixture containing the 

phase of interest. In diffraction from a mixture, a linear 

relationship exists between the intensity of an X-ray line 

(measured photometrically) and the weight (or volume) fraction 

of the material which diffracts the line. The theory of the 

method is given in Appendix I, at the end of the thesis (page 144)
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The internal standard technique requires a calibration 
curve relating the weight-fraction of magnetite in a series 
of mixtures to the intensity of selected magnetite reflections.
It was found, fortuitously, that a scale of pure magnetite 
formed on grey cast iron in slightly acid water under a low 
oxygen level. Magnetite was prepared in this way for calibration 
mixtures. Sodium chloride was chosen as an internal standard 
since none of its reflections coincide with those of magnetite. 
Several mixtures of magnetite and sodir.m chloride powder were 
weighed out and thoroughly homogenised. All X-ray exposures 
were carried out in the same camera under identical conditions. 
X-ray line intensities were measured on a Joyce-Loebl 
microdensitometer (Mlc III C) of the double-beam optical-wedge 
type. Ideally, the intensities of adjacent magnetite and 
sodium chloride reflections should be compared, to minimise 
the error due to the variable background radiation level along 
the film. The (220)Fe^0^ and (200)NaCl lines are closest 
together (2.966 X and 2.821 2 respectively) but in the 
composition range of interest the latter is so much stronger 
than the former that the ratio is not accurately measurable.
The ratios (311)Fe^0^ : (lll)NaCl and (220)Fe^0^ ; (lll)NaCl 
were conveniently measurable and were used for calibration.
Five measurements were made of each of these pairs in each 
standard mixture; intensity ratios are plotted against weight- 
percentage magnetite in Fig 3*2. The spread of peak-height 
ratios was within -2 percent of the mean value in each group 
of five.
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3*2 The Relationship between Corrosion Rate and Dissolved
Oxygen Level. Series 0/T

3*2.1 Experimental Procedure

Specimens of grey cast iron were cut as rectangular 
plates, 16 mm by 14 mm by 2 ram* All surfaces were ground to 
a 600 }im finish then specimens were ultrasonic ally cleaned 
and degreased in acetone, dried, rinsed in methanol and dried 
again. Specimens were allowed to corrode at various oxygen 
levels for a six-hour period in the apparatus shown in Fig 3*1; 
the stirring rate was 4 revolutions per second. The oxygen 
was monitored with the "Fieldlab" electrode. The water 
chemistry is detailed in Table 3.1; changes in water chemistry 
during corrosion are discussed in the next section.

After corrosion the apparatus was dismantled and the 
specimen extracted as quickly as possible with fine tweezers.
It was placed very carefully under alcohol, resting on the 
four underside corners on a rounded glass dish, so that the 
underside scale v/as not disturbed. After 10 seconds in 
methanol the specimen was held in a cold air stream to dry. 
Since water had been displaced by methanol the scale dried 
rapidly (within 10 seconds). The drying process could be 
observed by colour change and v/as discontinued as soon as 
the whole scale appeared dry.

Scales were powdery and easily removed with a sharp, 
clean razor edge. In all cases they were removed directly 
onto a balance and a known weight of sodium chloride v/as
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added for determination of the magnetite level. After complete 

scale removal, the specimen v/eight-loss v/as measured. At all 

oxygen levels except the lowest (0.60 ppm 0^) brown corrosion 

product appeared in aqueous suspension and could not be 

collected for weighing. In all cases an interval of about 

1 hour elapsed between extraction from solution and the start 

of X-ray exposure.

3.2.2. Results and Discussion

The relationship between weight-loss and dissolved 

oxygen concentration is shown in Fig 3*3. The curve is linear 

over the range 0.60 to 4.0 ppm 0^, indicating dependence of 

the corrosion rate on the rate of oxygen supply. However, 

the curve does n t extrapolate to the origin but gives a small, 

positive intercept on the weiglit-loss axis, indicating that 

this amount of corrosion is independent of the oxygen level 

The point is discussed again in Ch 3.6°

The components of corrosion scales were identified by 

the X-ray line d-spacings (Table 3.3). At least three spectra 

appear: that of magnetite (Fê Ô )̂; that of lepidocrocite

(y-FeOOH); and a series of lines (also found in the model 

central heating system) for which no reasonable chemical 

identity could be established. An additional, faint line at 

4.182 at high oxygen levels is most probably the (110) line 

of a-FeOOH (goëthite), Both the a- and y-forms of FeOOH occur 

in aerated, slightly alkaline waters (Feitknecht, 1939) with 

high alkalinity favouring q -FgCOH. The 7-form transforms 

slowly to the a- form (Mi saw a, Hashinioto & Shimodaira, 1974)
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so that both forms can be expected under the present conditions. 
The proportion of magnetite appears to be higher at medium 
oxygen levels (Fig 3*4) than at higher and lower levels. At 
higher levels the proportion of y-FeOOH increases (Fig 3*5a) 
according to the intensity variation of the (020) lepidocrocite 
line. The (020) y-FeOOH line is referred to the (200) NaCl 
(internal standard) line. The (111) NaCI line (d-spacings 
3*262) is nearer to the (020) y-FeOOH line, and would appear 
to be more suitable as a standard because of its similar 
background noise level. Unfortunately, the (111) NaCl line 
suffers interference from the (120) y-FeOOH line at 3*292.
At the lowest oxygen level studied (0.60 ppm 0^) lepidocrocite 
can neither be detected by metallography nor by X-ray diffraction, 
while the scale contains only about 23 weight percent magnetite. 
The unidentified compound appears to make up the remainder. 
Finally, a relatively low level of magnetite appears at 2.0 
ppm 0^ (Fig 3*4) which cannot be explained and which remains 
anomalous. The brightest unidentified X-ray line occurs 
at 7.42, and is found at all oxygen levels. It has a low, 
but constant intensity (Fig 3*5b) at all levels above 1.6 ppm 
0^, but increases progressively in brightness with decreasing 
oxygen level. At 1.10 ppm 0^ a second unidentified line 
appears, at 3*732, and at 0.60 ppm 0^ the spectrum contains 
3 lines (Table 3*3)* The origin of the spectrum is discussed 
in Ch 3*3*2.

Chemical analysis was carried out on all experimental 
solutions after corrosion. Concentrations of salts showed
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fluctuations of up to about 3% around the original levels 
given in Table 3*1, but there was no consistent change in the 
level of any constituent, indicating that corrosion had not 
significantly affected the water chemistry.

To summarise, a linear relationship has been established
‘,

between corrosion rate and oxygen level in the range from 
0.60 to 4*0 ppm O^, suggesting that the rate is controlled 
by the rate of supply of oxygen to the cathode reaction. 
Corrosion scales contain several iron compounds, depending 
on oxygen level:- a) at levels above 0.60 ppm 0^ lepidocrocite, 
magnetite and an unidentified compound appear, while b) at 
0.60 ppm O^, only the latter two compounds occur.

In the following two sections corrosion studies are 
reported at one oxygen level where lepidocrocite occurs (3*0 
ppm 0^) and at one level where it is absent (0.44 ppm O^)*

3.3 Corrosion at 3*0 ppm Dissolved Oxygen. Series 3*0

3.3*1 Experimental Procedure

Specimens similar to those of Series 0/T were exposed
to corrosion under 3*0 ppm dissolved oxygen at 30°C, with a
stirring rate of 4 rps, for a series of times up to 72 hours.
The oxygen level was maintained by stirring-in an air-nitrogen
mixture. The water chemistry is detailed in Table 3*1* After
corrosion, specimens were extracted, dried and studied in a
low magnification (lOOX) stereo-optical microscope. The
advantages of this technique were discussed in Ch 2.1. For

5structural examinations at magnifications up to XIO a
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Cambridge Stereoscan S.4 scanning electron microscope (SEM) 
was used. Weight losses were determined after scale removal 
and the compositions of certain scales were studied by the 
X-ray internal standard technique. Finally, the pattern of 
corrosion attack was studied in certain specimens by optical 
microscopy.

3*3*2 Results and Discussion

The relationship between wéight-loss and corrosion time 
is shown in Fig 3*6* A continuous weight-loss from the metal 
was noted up to 72 h: the corrosion rate is linear up to
17 h, but decreases slightly thereafter and continues to 
decrease up to 72 h. The principal morphological changes 
are shown in the series of sketches in Fig 3*7, which is 
included in text instead of at the end of the Chapter.

A change was first noted on the metal surface after 10 
minutes' immersion at 3*0 PPm 0^* Stereo-optical study 
showed that a thin green film formed in discrete localities 
about 1 mm in diameter, while intervening areas of the 
surface remained uncorroded. A scattering of brilliant 
orange crystals (about 30 pm wide) grew on the green areas 
(Fig 3*?a). The pattern of green-covered and uncorroded 
areas suggests adjacent anodic and cathodic sites. Under SEM 
study the green compound appears as well-formed, hexagonal 
platelets (Fig 3*8). The X-ray powder spectrum showed one 
intense line at 7*4%, with faint lines of lepidocrocite
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Fig 3*7 Stages of Morphological Development of Corrosion
Scale on Grey Cast Iron under 3*0 Ppm 0^. (Series 3.0

a) 10 min. Formation of green compound film on 
surface with nuclei of y-FeOOH above.

b) 83 min. Increasing thickness of green compound 
film: increasing density of y-FeOOH growths
with appearance of Fe^O^ underneath.

c) 180 min. Growths of Fe^O^/y-FeOOH come to 
dominate scale, with proportion of Fe^O^ 
increasing.

d) 360 min. (6 h) Growths of Fe^O^/y-FeOOH
become sufficiently dense to form a continuous 
crust in outer layer. Magnetite contains some 
green compound, but proportion of y-FeOOH has 
greatly diminished.

e) 27 h. V/ell-formed crust extends over most of 
scale. Open-topped chimneys grow out of scale.
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and magnetite; d-spacings were very similar to those in 
Table 3*3 and so are not listed.

Progressive development of the scale was noted after 
corrosion for 30 and 83 minutes. The areas of green film 
increased in thickness but not in lateral extent, while the 
intervening areas remained free of scale (Fig 3*7b), The 
persistence of this pattern indicates continued localisation 
of anodic and cathodic sites, although the even distribution 
of areas of green growth suggests a uniform oxygen supply.
It was seen at a later stage that, even with a uniform oxygen 
supply, anodic sites developed at particular microstructural 
features of the cast iron substrate.

The major morphological change occurring between 30 and 
83 minutes v/as a large increase in the distribution density, 
and in individual sizes, of the orange-coloured outgrowths 
(Fig 3*7c ). These were also seen to be turning black, 
remaining orange only at their tips. The X-ray spectra indicate, 
even by visual inspection, that magnetite and lepidocrocite 
lines became progressively brighter than the 7.4% line. It 
could be concluded at this stage that the orange-black 
morphology, which becomes the major part of the scale, consists 
of lepidocrocite and magnetite, while the 7.4% line arises 
from the green hexagonal crystals of Fig 3.8.

Subsequent work, on this green compound (reported in the 
remainder of this Chapter and in Chapter 4) indicated that 
it is an iron hydroxyl compound, intermediate in oxidation 
state between ferrous hydroxide and magnetite. Several such
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compounds are reported, all being greenish and containing a 
small proportion of ferric iron in the structure. Unfortunately 
a diverse and somewhat confusing nomenclature has arisen:
Arden (1930) reports "ferrosic hydroxide"; Schikorr (1930) 
and Bohnsack (1971) refer to "green ferroferrite" and 
"ferrosoferric oxide" in describing tv/o intermediate stages 
in the transformation of ferrous hydroxide into magnetite, 
while two similar compounds which form in chloride and sulphate 
solutions are called "green rusts" by Bernal et ^  (1939) and 
Misawa _et al (1969-1973)# At the time of writing (1976) 
the most popular term for these compounds is '‘green rust".
In the present work, however, reference will be made to the 
"green compound" until similarity to previously reported 
green rusts has been established.

After 180 minutes orange-black scale covered the metal
so that an unbroken orange surface v/as presented and it was
no longer possible to study the anode and cathode distribution
on the metal surface. (Fig 3#7d). By carefully removing part
of the scale thickness a cross-section through adjacent scale
v/as created. Optically the upper part of this section v/as
orange and the lower part black. Examination under SEM
showed two distinct tones (Fig 3.9)# As already noted,
differences in tone are determined partly by the electrical
resistivities of the materials under the electron beam.
In respect of the present work, magnetite has a resistivity 

IPof about 10 ohm m. The resistivity of FeOOH is not known, 
but that of Fe^O^ is about 10^^ ohm m (Kingery, I960). The
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relatively low resistivity of magnetite is due to rapid switching 
of electrons between ferrous and ferric ions in equivalent 
lattice sites (Greenwood, 1968). The different oxides in 
Fig 3*9 were identified by reflection electron diffraction 
(RED) using a RED attachment in a JEOL JEM-6A electron 
microscope. The RED pattern obtained from the extreme outer 
crystals (lighter tone) of the scale in Fig 3*9 showed the 
lepidocrocite spectrum; by moving the electron beam down 
through the section a strong magnetite pattern appeared.
This confirmed the identities of lepidocrocite and magnetite.
At higher magnification (Fig 3*10) both oxides exhibit 
distinctive morphologies, which have been an aid to identification 
in later work. Lepidocrocite forms as sheaves of parallel, 
needle-like crystals (Fig 3*10a); groups of three or four 
sheaves appear to radiate from a common source, possibly a 
precipitation nucleus. Individual crystals were about 1 |im 
long and 0.1 |im thick. Magnetite crystals are polygonal, 
being about 0.3 pm diameter and forming in clusters (Fig 3#10b). 
Both structures are porous.

Between 3 and 6 hours' immersion the corrosion scale 
thickened. The corrosimetric curve (Fig 3*6) is linear over 
this period so that a doubling of scale thickness would be 
expected. Stereo-optical metallography indicated an increase 
in the number of outgrowths to the point where neighbouring 
growths were touching. High optical magnification revealed 
that the outermost crystals were coalescing over small areas 
into a thin, cohesive, shell-like crust, about 30 pm thick
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(Fig 3*7d). This crust could be broken off in plate-lilce 
pieces, the uppersides being orange and the undersides black.
The scale underneath the crust remained porous, powdery and 
black. A sample of crust was mounted for study in cross- 
section under SEM. A typical view (Fig 3*11) indicates a 
structure considerably less permeable than the oxide underneath. 
The latter appears similar to the magnetite shown in Fig 3*10b*

Besides formation of a crust, the scale at this stage 
showed two other noteworthy features:

a) magnetite always appeared between the lepidocrocite 
and the iron surface, but the reverse was never observed;

b) the proportion of lepidocrocite appeared to diminish 
between 3 h and 6 h, and, as "crust" formed, lepidocrocite 
became restricted to the outer side- of the crust. (Fig 3*7d 
and e). Lepidocrocite appears to form because it is exposed 
to the mainstream of oxygenated water, whereas, in more 
sheltered positions, only magnetite appears.

The "crust" became progressively more widespread after 
6 hours. After 10 h the top surface v/as about 30% crusted 
over, after 28 h about 60%, while coverage was virtually 
complete after 33 h. The corrosion rate fell off slightly 
over this period (Fig 3*6) possibly because crust formation 
restricted oxygen diffusion from the mainstream to the metal 
surface. Howeverj after 10 h a new phenomenon was observed 
which ultimately transformed the appearance of the whole 
corrosion scale. The crust after 6 h v/as a very thin, flat 
shell. As it extented laterally it developed undulations

— 60 —



(10 h) which grew into mound-like nodules, typically 1 mra in 
diameter (17 h; Fig 3*7©). After 28 h these nodules had 
grown into chimney-like features from which gas bubbles 
emerged during corrosion. These structures are illustrated 
in Fig 3*12. Some were like chimney cowlings, inclined to 
one side and apparently open at the outer end. Others were 
upright columns with a central vent. After ^0 h and 42 h a 
regular and dense array (20 per cm ) stood proud of the crust 
which covered the whole top surface. The chimneys were all 
similarly inclined, indicating the influence of water-flow 
upon their growth direction. The outer tips were much 
narrower than the bases, which were ill-defined and merged 
gradually into the surface scale. After 42 h about 75% of 
the top surface v/as taken up by chimney bases. As Fig 3.12 
shows, all surfaces were orange, but inspection showed that 
scale was black immediately underneath. Both the underlying 
scale and the chimneys showed an outer crust. Chimney heights 
increased gradually between 35 h and 72 h, but otherwise the 
scale changed little in appearance after 28 h. Experiments 
were discontinued after 72 h.

X-ray internal standard analyses were carried out on 
scales after certain times to determine the magnetite content. 
(Table 3*4)# While metallography suggested that magnetite 
came to predominate, the data in Table 3*4 indicates surprisingly 
lov/ levels of magnetite, only 30-weight-percent being recorded 
after 72 h. At the same time it v/as noted that large areas 
of orange crust around chimney bases had nothing underneath,
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whereas formerly there had been densely packed magnetite.
A low magnetite level after 72 h is thus indicated by two 
independent observations. The lepidocrocite spectrum becomes 
progressively fainter with time and is barely detectable after 
72 h. The unidentified spectrum maintained a constant 
intensity up to 72 h., indicating continued formation. It 
is thus difficult to decide which compound predominates at 
this stage. The scale as a whole appears to give weaker 
diffraction lines than after short times. It will be shown 
later in this Chapter that green-compound reflections decrease 
in intensity with air ageing without the compound transforming 
to any other compound; a similar effect may occur on ageing 
in solution. The green compound may therefore predominate 
in the scale after 72 h despite the weak X-ray spectrum. However, 
a more detailed investigation of the scale composition at 72 h 
is required.

A study of the nature and extent of corrosion attack on 
the cast iron by optical microscopy showed well-formed, 
hemispherical pits in the cementite, especially where graphite 
flakes ran perpendicular to the surface (Fig 3#i3&)' This 
is further discussed in later sections.

To summarise, it is possible to distinguish five stages 
of scale formation during corrosion over 72 hours at 3*0 ppm

i) Formation of uniformly distributed areas of green 
corrosion product over all surfaces, with areas of uncovered 
metal in between which are probably anodic and cathodic areas 
respectively.
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ii) Uniform nucléation of lepidocrocite crystals on the 
green compound, with the density of nuclei and individual 
sizes both increasing with corrosion time#

ill) Conversion of the lower parts of the lepidocrocite 
growths to magnetite.

iv) Formation of an outer, impervious crust when the 
number of growths reaches such a density .that neighbouring 
growths touch.

v) Growth of chimney-like structures from the crust 
when the latter becomes extensive. The corrosion rate begins 
to fall off at this stage.

It appears that, once the scale has crusted over, 
chimney formation represents the principal means of continued 
corrosion, although the precise mode has not been established. 
The proportion of lepidocrocite decreases with corrosion time, 
the compound becoming restricted to the outer scale. The 
proportion of magnetite appears to be lower than expected 
after long corrosion times; the green compound may become the 
predominant constituent of the scale here.

3*4 Corrosion at 0.44 ppm Dissolved Oxygen. Series 0.44 

3*4*1 Experimental Procedure

Experimental results under different oxygen levels 
were intended to be directly comparable, so that conditions 
during this and subsequent series of experiments were identical 
to that under 3*0 ppm oxygen, except for the oxygen level 
maintained. In the present series the oxygen meter scale
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reading 1.0 ppm fsd was used, so that, with an error of tl%, 
the oxygen level could be read as 0.44 Ppm O^. Specimens 
were exposed for times up to 40 h, which was sufficiently 
long to characterise the initial corrosion behaviour at this 
oxygen level. Corrosion scales were examined by stereo-optical 
microscopy and SEM, weight-loss v/as plotted as a function of 
immersion time and the compositions of scales were studied 
by X-ray powder diffraction. The internal standard technique 
was not used for magnetite determination in this Series 
because amounts of scale were generally too small. As an 
alternative, samples of scales underwent X-ray exposure for 
a 3-hour period immediately after corrosion, then for a second 
3-hour period after 16 hours in air, to detect intensity 
changes due to ageing in air.

3.4.2 Results and Discussion

The relationship between v/eight-loss and time (Fig 3*14) 
is approximately linear up to 40 h and extrapolates to the 
origin. The corrosion rate determined from the slope is
1.2 X 10"*̂  g cm~^ sT^, which compares with 8.3 x 10 ^ g cm ^ s ^ 
in the initial stages of corrosion at 3 .O PPm 0^. The ratio
of corrosion rates (7.1/1) is close to the ratio of oxygen 
levels (6.8/1) which suggests control by the rate of oxygen 
supply. This is in accord with the results of Fig 3*5

However, the corrosion pattern which develops at 0.44 PPm 
0^ differs considerably from that at 3.O Ppm 0^. Stages of 
development at 0.44 ppm 0^ are shown in the series of sketches
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Fig 3.15 Stages of Morphological Development of .Corrosion 

Scale under 0.44 Ppm 0^.

a) 34 - ?h. Formation of noaules of mixed magnetite 

and green compound crystals over pits in iron 

surface. Remainder of iron covered by thin green 

film.

b) lOh. Nodules over anodic areas develop crust 

and internal vents, and become empty inside. 

CaCO^ precipitates on cathodic areas.

c) 1611 - 40h. Nodules coalesce in flow direction. 

Cathodic areas of iron remain unattacked.
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in Fig 3*15 (included in the text). Stereo-optical microscopy,
first carried out after three hours' corrosion, showed a
thin green film over all surfaces and a uniform distribution
of black, hemispherical nodules (Fig 3.15a). These were
between 0.1 and 0.2 mm diameter, with a density of between 

23 and 7 per mra . On the top face nodules were arrayed in a 
swirling, vortex-like pattern (centred on the centre of the 
face) most probably reflecting the water-flov/ pattern over 
the surface. The X-ray spectrum showed magnetite and five 
unindexed lines with d-spacings close to those noted in Series 
0/T (Tables 3*3 and 3.5). The strongest line in all cases 
lies at 7.4%..

Specimens exposed for 3 and 7 hours showed similar 
patterns. After 7 hours larger nodules appeared (up to 0.3 mm 
diameter). Each nodule overlay a hemispherical corrosion 
pit of about 0.03 mm diameter. A thin green film still overlay 
all surrounding iron surfaces, with no attack visible; indeed, 
the marks of surface grinding were still apparent. Over the 
green film lay a scattering of fawn-coloured flakes which 
did not,appear part of the scale, but seemed to have drifted 
from solution. X-ray data indicated aragonite, a form of 
calcium carbonate (CaCO^). The appearance of this compound 
is of interest, since it has been established (McClanahan,
1969) that the inclusion of'CaCO^ increases the protectiveness 
of scale.

Calcium carbonate can precipitate from natural waters 
containing calcium and bicarbonate ions, either by rising 
temperature or by small increases, in pH. It can also deposit
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as a result of participation in the oxygen reduction reaction 
at the iron surface. The water used in these experiments 
(Table 3*1) contained 34 ppm of "alkalinity", which is the 
sum of several quantities;

Jaikj = [h jCoJ  + [ncô 'j + + |oh"1
3*i

Equilibria exist in any natural water between H^CO^ , HCO^" 
and CO^ " ; these vary with pH in the manner shown in Fig 
3.16 (Butler & Ison, 1966). In the present work the pH is 7*9, 
so that most of the alkalinity would be present as HCO^~ ions.
If the pH becomes more alkaline during corrosion a higher 
equilibrium level of CO^ ~ results. In the presence of 
calcium ions precipitation of CaCO^ can occur, calcium 
bicarbonate, Ca(HC0^)2  ̂does not precipitate, but the carbonate 
has a relatively low solubility (6 x 10“^ mol 1*"̂  at 23°C;
Frear & Johnson, 1929). It can remain in supersaturated 
solution if no crystallisation nuclei exist. It was first 
proposed by Stumm (1936) that electrochemical reactions at 
the iron surface involving dissolved oxygen can influence the 
jHCÔ *"J : equilibrium and cause precipitation of CaCO^.
At the iron surface the anodic reaction is

2Fe = + 4e 1.1
This is balanced by the cathodic reaction

O2 + 2H2O + 4e" = 40H“ 1.2
Bicarbonate ions react with hydroxyl ions produced in cathodic 
regions;

4HC0," + 40H" = 400^2" + 4H2O 3 . 2
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In the presence of calcium ions CaCO^ can precipitate;
4Ca^* + = 4CaC0, 3.3

If the reactions occur close to the metal surface then CaCO^ 
and Fe^O^ may co-precipitate and form an intimately mixed 
scale.

After the 34-hour corrosion test all nodules were 
carefully removed from the scale, leaving the green film 
and fawn-coloured flakes. X-ray powder spectra from both of 
these mixtures confirmed that all the calcium carbonate was 
in the green film, whereas the nodules contained only magnetite 
and green compound. The deposition of CaCO^ (indicating 
rising pH) and the absence of corrosion indicates the locality 
of cathodic areas, while the pitting underneath the nodules 
strongly suggests that the iron is anodic here.

Returning to metallography, dissection of nodules (under 
stereo-microscope) after 3 and 7 hours' corrosion showed black 
outer crystals with light green, almost white crystals at the 
core. SEM showed the former to be mainly magnetite and the 
latter mainly the hexagonal crystals shown in Fig 3*8

Magnetite, aragonite and the green compound occurred 
together at all corrosion times over 7 hours. The strongest 
line in all patterns was at 7.4%, while the strongest 
magnetite reflection, the (311) line, remained of medium 
intensity. Throughout Series 0.44 no significant variation 
was detected in the intensity ratio of these two lines. A 
gradual weakening of one would have indicated either continuous 
dissolution or transformation into the second compound.
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However, both X-ray and netallographic analysis support the 

opposite view that the tv/o compounds form independently and 

at sustained rates. In the case of the 11-hour and l6-iiour 

scales, X-ray patterns were obtained immediately after 

immersion and again after 16 hours’ ageing in air. Visually, 

the intensity of the 7.4% line decreased relative to the 

magnetite linos during ageing, suggesting a structural 

modification in the green compound.

After 11 hours’ the nodule morphology changed. Many 

exhibited an outer crust, with a vent extending down into 

the interior (Fig 3.13b). After 16 hours some larger nodules 

extended for up to 3 mm in the flow direction and had rows 

of pits underneath (Fig 3.15c) suggesting coalescence of 

nodules. The nodules themselves, however, at 16 hours and 

thereafter, seemed to consist only of a dome of crust with 

virtually no oxide underneath. Areas surrounding nodules 

remained unattacked up to 4-0 hours, so that selective corrosion 
of the iron under the nodules occurred over the whole time 

studied. Optical metallography of sections showed that pits 

were particularly v/ell-formed where graphite flalies ran 

perpendicular to the surface, as during corrosion at 3.0 ppm 

0^ (compare Figs 3*13 a and b). The remarkable hollowness 

of the crust indicates a local change in the water chemistry, 

since magnetite and green compound are stable in the 

experimental water as it is prepared. If corrosion product 

has dissolved, development of acidity is suggested. It is 

well established that, at ferrous surfaces, acidity is promoted
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by chloride ions in solution (Franck, 1961; Holmes & Mann,
1963; Butler, Ison & Mercer, 1971) particularly where the 
surface is screened from the mainstream. In the presence 
of water containing 8l ppm Cl (Table 3*1) dissolution of 
iron to form ferrous ions (reaction 1.1) could lead to ferrous 
chloride (FeCl^,) at anodes;

Fe^* + 2 01“ = Fe 01^ 3.4
The ferrous chloride then hydrolyses,

FeCl^ + = 2HC1 + Fe(0H)2 3*5
Fe(0H )2 can be oxidised to Fe^O^, either by oxygen;

6Fe(0H)2 + 0̂  = 2Fê 0̂  + 6H2O 1.8
or by the Schikorr reaction,

3Fe(0H)2 = Fe^O^ + + H2 1.7
As the degree of acidity in and around the pit increases, 
dissolution within the pit is enhanced and loose oxide within 
the nodule will also dissolve. Corrosion under these conditions 
will proceed partly by hydrogen ion reduction and it is 
possible that the nodule surfaces become cathodic with 
respect to the iron and evolve hydrogen. The observed vents 
in the nodules (Fig 3.I3) may act as escape passages for gas 
bubbles, like the chimneys in Fig 3.12. However, although 
the inner structure of nodules dissolves, the crust should 
remain largely intact, for two reasons. Firstly, its 
thickness allows it to resist dissolution longer than isolated 
crystals of larger surface-to-volume ratio, and secondly, 
local perforation of the crust will allow the mainstream 
water to enter the nodule and neutralise both the acidity
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and the oxygen-level differential. The crust may also be 
cathodic to the iron surface, as already stated.

To summarise, the corrosion rates under 0.44 PPm and 
3*0 ppm 0^ are closely related to the ratio of oxygen levels, 
while pitting attack of the metal occurs in both cases. 
However, the lower oxygen level leads to a different pattern 
of scale. The unidentified green compound has been found at 
both oxygen levels, forming at a constant rate, independently 
of other oxides. It appears to undergo some modification on 
ageing in air. The pitting attack and oxide dissolution 
suggest that anodic reactions under the nodules, in the 
presence of chloride ions, produce acidity which enhances 
attack on metal and oxide.

3*5 Corrosion at 1.0 ppm, 0.60 ppm and 0.10 ppm Dissolved
Oxygen. (Series 1.0, 0.60 and 0.10).

3.3.1 Experimental Procedure

The corrosimetric behaviour of cast iron was briefly 
characterised at 1.0 ppm, 0.60 ppm, and 0.10 ppm O^, under 
the same conditions as in Chapters 3*3 and 3.4. At 0.10 
ppm 0^ it proved difficult to maintain a steady oxygen level, 
and deviations of up to 30% occurred. For this reason only 
three specimens were exposed, principally to study the 
composition of scale formed at this lov/ oxygen level. At 
0.60 ppm Og also, only three specimens were exposed, but 
the data gave a good straight line, extrapolating through the 
origin, over I4 hours. At 1.0 ppm 0^ the internal standard
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technique v/as used to estimate magnetite concentrations, 
but at the lower levels quantities of oxide were so low 
that only qualitative X-ray studies could be made. Corrosion 
patterns were compared by stereo-optical microscopy.

3*3.2 Results and Discussion

The corrosimetric relationships at these three oxygen 
levels are shown in Fig 3*17. The curve at 0.60 ppm 0^ is 
clearly linear, but that at 0.10 ppm is the least well-defined 
due to experimental difficulties. As v/ith the data for 0.60 
ppm, however, the slope has been taken from a straight line 
passing through the origin. At 1.0 ppm 0^, by contrast, if 
the origin is taken as a datum point then the curve over the 
first 80 hours is non-linear. More data are clearly required 
here for a proper characterisation.

The corrosion pattern at 1.0 ppm 0^ resembles that at 
3*0 ppm more clearly than that at 0.44 Ppm, Optical 
metallography showed individual growths of magnetite, overlaid 
with lepidocrocite, while the underlying metal surface v/as 
covered in a thin, greenish film. Undulations were noted in 
the scale in later stages, but neither crust nor chimneys 
appeared. At 1.0 ppm 0^ internal standard analysis showed 
that the weight percentage of magnetite rose from approximately 
30% to over 80% between 10 and 40 hours and remained above 
80% thereafter (Fig 3*l8a). There is fair agreement between 
data from two different magnetite reflections, although the 
error bars only take account of the spread in peak intensities
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and not of the variation in background intensity; (See Ch 3.1*4 for 
discussion on the accuracy of the internal standard technique). 
X-ray data also showed a qualitative, but well-defined decrease 
in the proportion of lepidocrocite with time at 1.0 ppm 0^
(Fig 3*l8b). The green compound appeared under all conditions.
At 1.0 ppm 0^ the 7.4% line intensity decreased rapidly over 
20 hours before levelling off (Fig 3.18b) which suggests 
that the compound transforms during corrosion. However, 
it was observed not to transform under 0.44 ppm 0^ (Ch 3*4.2) 
so that the rapid decrease at 1.0 ppm 0^ may be due to a 
rapid increase in lepidocrocite and magnetite over the same 
time.

When scale formed at 1.0 ppm was allowed to age in air 
the intensity of the 7*4% line dropped sharply over the 
first 25 hours (Fig 3*19a) then levelled to a steady value.
The intensity of the (311) magnetite line showed no significant 
corresponding change, however, even over 400 hours' ageing 
(Fig 3.19b) indicating that the green compound does not 
transform into magnetite. The phenomenon may be due to loss 
or uptake of moisture.

At 0.60 ppm 0^ the corrosion pattern resembles that at 
0.44 ppm with pitting of the iron surface. At 0.10 ppm 
the only corrosion product was a thin, greenish-black film, 
v/ithout nodules or visible attack on the iron. X-ray 
patterns showed the presence of the green compound and 
magnetite. Green compound patterns were the strongest so 
far obtained.
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3*6 General Discussion of Corrosion Rates

The present work has shown that the corrosion rate of 
grey cast iron depends on the dissolved oxygen level as 
follows:

a) The rate is directly proportional to the oxygen level 
over the range 0.60 to 4.0 ppm O^, over periods of 6 hours.
A small amount of corrosion appears to be independent of 
oxygen level (Fig 3.3).

b) At 3.0 ppm and 0.44 ppm 0^ weight-loss by corrosion • 
is at first linearly dependent on time, while the ratio of 
oxygen levels (6.8/1) is close to the ratio of the initial 
corrosion rates (7.1/1). At 3.0 ppm 0^ it was noted that 
the bulk of corrosion scale interposed between iron and 
water eventually causes the corrosion rate to decrease.

Under the present conditions, therefore, the corrosion 
rate is substantially dependent on the rate of oxygen supply 
to the reaction. The corrosion-rate-dependence on oxygen 
level calculated from Fig 3*3 is 2.2 x 10“*̂ g cm“^ s“^
(ppm O^)"^. This parameter can also be calculated from the 
initial-corrosion-rate data obtained at specific oxygen levels. 
These rates are listed in Table 3*6 and are plotted against 
oxygen levels in Fig 3.20. The curve is approximately linear; 
the best straight line passing through the points for 0.44 Ppm, 
0.60 ppm and 3.0 Ppm 0^, where linear corrosion rates were 
most apparent. The oxygen-leve1-dependence of corrosion 
rate is 2.6 x lO"*̂  g cm"^ s“^ (ppm O^)"^. A small, positive
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intercept on the weight-loss axis of Fig 3*3 indicates 

corrosion independent of oxygen level, but this could not 

be confirmed from Fig 3.20.

The "oxygen-independent" corrosion indicated by Fig 3*3 

may be magnetite formation by the Schikorr reaction;

3Fe(0II)2 = Fe^O^ + 211̂ 0 + 1.7

Otherwise, the linear dependence of corrosion rate on oxygen 

level and the very low corrosion rates in the absence of 

oxygen, suggest that hydrogen ion reduction plays little part 

in scale formation in the early stages under the present 

conditions. Hydrogen ion reduction may accompany the primary 

anodic reaction
Fe = Fe^* + pe 1.1

as it does at 75°C (Ch 2.2.3.4). However, although hydrogen 
evolution is also involved in some precipitation of scale at 

73^C, scale formation at seems to be almost entirely

due to oxygen.

The literature review in Ch 1,2 showed that aqueous 

corrosion of iron and steel depends on other factors besides 

oxygen level; viz, the chemistry, pH value, temperature, 

degree of agitation and any temperature difference across 

a heat-transfer surface. It has been shown in unstirred 

water, for instance, that corrosion rates near the air-water 

interface depend linearly on the specimen-interface distance, 

indicating diffusion dependence, whereas below a certain 

depth the rate depends only on degree of agitation, indicating 

mass-transport dependence (Ben go ugh e_t aJL, 1931). Corrosion
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rates were linear over I50 days in unstirred sea-water, at 
an unspecified oxygen level, with a value of 2 x 10 g cm ^ 
s“^ (Bengough and Lee, 1932). This rate is about 10^ times 
lower than that found in the present work. Partly-immersed 
steel in unstirred dilute chloride and sulphate solutions had 
a linear corrosion rate over 100 hours of about 3 x 10 ^ g 
cm“^ s~^ (Evans & Hoar, 1932) which lies between the present 
results (3 to 8 X 10“^ g cm~^ s“^) and those of Bengough & 
Lee. However, Evans & Hoar showed that corrosion was 
restricted to edges and lower parts of immersed sections (it 
was, in fact, a classical illustration of the differential 
aeration effect; Evans & Hoar, Fig 1, p 345). It was shown 
that all oxygen was consumed at cathodic areas near the 
interface. Corrosion rates thus depended on the rate of 
oxygen supply, so that, although the conditions are not 
strictly comparable with those of the present work, the 
qualitative findings are consistent.

Schlaschl & Marsh (1957) studied the corrosion rate of 
mild steel as a function of dissolved oxygen level in dilute 
NaCl solution of pH 5.0,6.4 and 8.3. As in the present work, 
oxygen levels were measured polarographically. The corrosion 
rate was linear between 1.0 and 7.0 ppm 0^, being ten times 
higher in agitated solution than in unstirred solution. 
Corrosion was measured by the loss in thickness of a steel 
strip specimen. (This appears to assume that attack is 
uniform, although the present study indicates that attack, 
on cast iron at least, is non-uniform). The corrosion rate
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in agitated solution (at 3.0 ppm U^, but an unspecified
“* 8 *"2 ~ Dtemperature) v/as 3*0 x lO"* g cm’” s~ ' at pH values between 

5.0 and 6.4, and 1.0 x 10“  ̂g cm  ̂s’"'̂ at pH 8.3• These 

rates compare closely with those of the present work (8.0
Q P "*

X  10“ g cm~ s""̂  at 3*0 ppm O^). Hov/ever, in contrast 

to the present results, Schlaschl & Marsh did not observe 

corrosion below 1.0 ppm O^. The occurrence of similar 

corrosion rates on grey cast iron and mild steel strip 

indicates that the oxygen level is more significant in rate- 

determination than the nature of the substrate.

An expression for the rate of oxidation of ferrous ions 

in solution v/as determined by Stumm & Lee (1961);

The quantity is the sum of concentrations of Fe^^

and FeOH^ ions, and k is 5.7 x 10^^ mol"”" 1^ s  ̂at 20°C.

At pH values above 7 almost all dissolved ferrous ion is 

present as FeOH^. The maximum value of |̂ Fê  ̂j depends upon 

the equilibrium

FeOH* + 0H“ # Fe(0H)2 2.7
As noted in Ch 2.2 the equilibrium constant for this reaction 

has been determined at 25°C as A x 10 mol^ 1 ^ (Leussing 

& Kolthoff, 1953). Thus the maximum value of ĵ Fê ĵat pH 

of 8 would be 4 x 10“^ mol l"^. The maximum value of

can thus be calculated for the case of 3.0 ppm 0^ , 

.at pH of S and 25°C; here 0^ is 0,95 x 10 mol 1  ̂and 

OH" is 10"-̂  ̂mol 1"^, so that

Fell max 2.05 x lO"^ ^ol l“  ̂h"^
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Expérimenta] ] y, tiic r ate of reirlit loss of metal in the first

stages of corrosion at j..0 ppm is 0.75 x ] 0 ''mol s (Fig Z*C),
2This occurred at an ii'on area of about 5 cm in 1.6 litres of water 

and is clearly well bulow the maxi;: urn rate of for roue ion oxid

ation derived from equation 3.6. The expérimenta] rate of oxid

ation must therefore also be much lower tnan the calculated value. 

A principal reason for tnis ic undoubtedly tliat the dissolved 

iron level was always below the theoretical maximum derived (for 

25^C) from equation 3.6. In Chapters 2.2.3.4 and 2.2.3.5 it was 
postulated that the dissolved iron level in the model system was 

close to the solubility of ferrous hydroxide. The significant 

difference between the model system and the invitro apparatus is

that the ratio of cast iron surface to water volume in the former
2 2 was 91 cm per litre, but only 3 cm per litre in the latter.

To summarise, all the present results support earlier 

findings of a linear dependence of corrosion rate of iron 

and steel on oxygen concentration. This agreement implies 

that the crystaliographic and structural data obtained in 
the present work can also be interpreted in terms of 
dependence on dissolved-oxygen level.

The results have raised several questions about the 

influence of oxygen, which are considered in subsequent 

chapters. Studies on the identity of the green compound are 
reported in Chapter 4; the transformations between lepidocrocite 
and magnetite, which were briefly discussed in Ch 3.3.2, are 
studied in Chapter 5; the formation of "crust" and "chimney" 
structures are studied in Chapter 6,
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Fig 3*1 Schematic Diagram of Glassware Apparatus for 
Corrosimetric Studies at Different Dissolved 
Oxygen Levels.
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Fig 3»2 Calibration Curves for Le termination of V/eight-

Percentage Magnetite in Corrosion Scales by Sodium 

Chloride Internal Standard,
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Fig 3*3 Relationship between Dissolved Oxygen Level and 
Weight-Loss by Corrosion over Six-Hour Period 
for Grey Cast Iron.
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Fig ^.4 V/elght-Percentage of Magnetite in Corrosion Scales 
at Different Dissolved Oxygen Levels.
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Fig 3*5 Variations of X-Ray Line Intensities from Corrosion 
Scales with Dissolved Oxygen Level.

a) (020) Lepidocrocite Line

b) 7.4% Line
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Fig 3,6 Relationship between V/eight-Loss and Corrosion 
Time for Grey Cast Iron under 3*0 Ppoi 
Series 3*0*
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Fig 3.8 Magnetite and Green Hexagonal Crystals formed after 
1 Hour under 3*0 ppm 0^. . SEM





Fig 3*9 Scale of Magnetite and Lepidocrocite; 3 Hours 
under 3*0 ppm 0^, SEM.
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Fig 3,10 Morphological Details of Scale; 3 Hours under 
3*0 ppm O^. SEM.

a) Lepidocrocite

b) Magnetite
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Fig 3*11 Morphology of ’’Crust" over Corrosion Scale; 
6 Hours under 3*0 ppm 0^, SEM.





Fig 3.12 Stereo-Optical Micrograph of Chimney-like Growths 
out of Scale; 28 Hours under 3*0 ppm 0^. XIO.



Fig 3.13 Pitting Attack on Grey Cast Iron at 30°C.

a) 40 Hours under 3.O ppm 0^.

b) 40 Hours under O.44 ppm 0^.
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Fig 3*14 Relationship between V/eight-Loss and Corrosion 
Time for Grey Cast Iron under O .44 ppm 
Series 0.44*
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Fig 3*16 Variation of Chemical Equilibrium between 
Carbonate (00^^"), Bicarbonate (HCO^~) and
H with pH value. (Butler & Ison, 1966).
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Fig 3,17 Relationships between Weight-Loss and Corrosion 
Time for Grey Cast Iron under 1.0 ppm 0^, G .60 
ppm 0^ and 0.10 ppm 0^. Series 1.0, 0.60 and 0.10.
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Fig 3.18

a) Variation of Weight-Percentage of Magnetite in 
Corrosion Scales with Corrosion Time under
1.0 ppm 0^.

b) Variation in Intensities of (020) Lepidocrocite 
and 7*4& lines in Corrosion Scales with Time 
under 1.0 ppm 0^.



1311) FegO, : 1.111) NaCi100
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Fig 3.19a Intensity Variation of the 7.4% Line during Air 
Ageing of Scale formed after 5 Hours at 1.0 ppm
O3.
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Fig 3.19b Intensity Variation of the (311) Magnetite Lino

during Air Ageing of Scale formed after 5 Hours at
1.0 ppm O^.
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Fig 3*20 .Relationship between Slope of Corrosion Rate over 
6 Hours and Dissolved Oxygen Level for Grey 
Cast Iron.
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TABLE 3.2
Chemical Analysis Of Grey Cast Iron For 

Corrosimetric Study: (Weight Percentages)
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TABLE 3.4

Weight Percentages of Magnetite in Scales, and 
Relative Proportions of Lepidocrocite, under

3.0 ppm 0^.

Corrosion 
Time. H.

Wt-% Magnetite 
in Corrosion 
Product. (l4%)

Intensity Ratio 
(020) Y-FeOOH: 
(311)Fe^0^

3 34% 0.130
6 66% 0.230
12 73% 0.130
36 63% 0.073
72 30% 0.093
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vo UA O CN. CN. UA P rH00 4" 4* ON Ĉ VO ON 4* OJ d NAW 4" 00 CN. NA OJ ON vo vo UA d NAIN d
IN 4* NA NA NA OJ OJ OJ OJ «H OJ

00 O ON vo[N. N) 4" UA 4" OJ OJ
M 4" CO CN. ON vo UA NA
NA

CN 4* NA OJ OJ OJ OJ

d to
o d
•H •iH
0 P 0 4
O d
d 0 P
d G 0
O iH 1

O  EH Q



TABLE 3*6

Slopes of Corrosimetric Curves over the First Six 
Hours of Corrosion at Different Oxygen Levels

Mean Oxygen 
Level (ppm)

Unit T/Veight-Loss; Initial 6H
(g cm”^ X 10^)

Equivalent 
Corrosion Rate

g cm”^ X 10^ ]

3.00 17.0 7.87
1.00 8.3 3.84
0.60 3.65 1.69
0.44 2.47 1.14
0.10 1.0 0.46



CHAPTER 4

A STUDY OF A GREEN CORROSION PRODUCT 
FORMED ON GREY CAST IRON

Introduction .
Among the corrosion products formed on grey cast iron 

in the model central heating system (Chapter 2) and in the 
in vitro experiments (Chapter 3) was a green compound which 
appeared similar to the iron compounds known as "green rusts”. 
This compound gives rise to a clear X-ray powder spectrum at 
oxygen levels between 0.1 and 4.0 ppm. Line intensities 
increase with decreasing oxygen level, relative to those of 
magnetite and lepidocrocite, suggesting a lower oxidation 
state than either of these compounds. SEM shows an hexagonal 
platelet morphology (Fig 3.8). During scale formation at 
0.44 ppm 0^ (Oh 3*4.2) intensities of both magnetite and green 
compound lines remained fairly constant over 40 hours, which 
appears to preclude any substantial transformation of one into 
the other. However, in isolated cases, rounded, magnetite
like crystals appear on hexagonal platelets (Fig 4.1) 
indicating crystallographically related growth. The strongest 
line in the green compound spectrum occurs at 7.4%. When a 
sample of scale containing only green compound and magnetite 
was allowed to age in air the intensity of the 7.4% line 
decreased over the first 30 hours of ageing, while magnetite
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intensities remained constant (Fig 3*19 a & b). The green 

compound was thus modified in some way, but was not transformed 

to magnetite.

In this Chapter a further study of the green compound 

is reported. The literature on green rusts is first reviewed, 

then an experimental investigation is described into the 

conditions of occurrence, crystallographic structure and 

transformation reactions of the present compound. Finally, 

the relationship between this compound and previously reported 

rusts is discussed.

4.1 Review of Literature

Transformations in aqueous solution between the oxides, 
hydrated oxides and hydroxides of iron occur either by 

dissolution and reprecipitation or by solid-state reactions.

Tv;0 types of reaction in particular have been discussed in 

this respect; topotaxy and epitaxy. A topotaxial reaction 

has been defined (Lea, I969) as one in which a single crystal 
•undergoes some reaction, dehydration, or transformation to a 

single crystal or orientated texture of another compound.

It is an "ij2 situ" transformation, involving diffusion, with 

a three-dimensional crystallographic relationship between the 

two structures. In epitaxy, specific crystal planes of one 

structure give rise to nuclei of a second structure which 

then grows by solution precipitation. (Mackay, 196.1).

Here the crystallographic relationship is restricted to the

- 79 -



interface between the two structures.
Most of the oxides, hydrated oxides and hydroxides of 

iron have a common crystallographic feature in that they are 
composed of close-packed structures of oxygen or hydroxyl ions 
(Bernal, Dasgupta & Mackay, 1959) with varying amounts of 
ferrous and ferric ions in the octahedral and tetrahedral 
interstices. Most of these structures can be derived, by 
different rates of oxidation, from ferrous hydroxide, Fe(0H)2* 
This compound is precipitated by addition of alkali to ferrous 
salt solution, or when immersed iron (in deaerated solution) 
dissolves sufficiently for the solubility product of ferrous 
hydroxide to be exceeded, so that hydroxide precipitates. The 
compound is readily oxidised; when only partly precipitated 
from a ferrous salt solution (so that ferrous ions and 
associated anions remain in solution) and then slowly oxidised, 
some form of green rust is produced.

From ferrous chloride solution, for instance, the 
compound green rust I (GRI) appears (Keller, 1946; Bernal _e& 
al; Misawa, Hashimoto and Shimodaira, 1974). From ferrous 
sulphate solutions the compound green rust II (GRII) appears 
(Feitknecht; Bernal jet al; Detournay, de Miranda, Derie 
& Ghodsi, 1975). Bernal £t ^  also reported that a variant 
of green rust I precedes formation of green rust II in sulphate 
solutions. A green rust is also formed in ferrous bromide 
solution, while Lea found that a carbonate-containing green 
rust formed in distilled water saturated with carbon dioxide.
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These compounds all have an hexagonal crystal structure. 
and, with the exception of GRII, all have similar lattice 
parameters (see below), Feitknecht & Keller (1950) however, 
differentiate between green rusts associated with foreign, 
anions (these include GRI and GRII) and green rusts having the 
ferrous hydroxide crystal structure. Bernal £t al obtained 
green ferrous hydroxide containing 2.0% of ferric ion in the 
total iron. Misawa ^  al (1974) report green ferrous 
hydroxide in slightly alkaline M/100 ferrous perchlorate 
solution while Lea found a green compound unrelated to ferrous 
hydroxide, with no associated foreign anions, during electrolysis 
of steel in sodium chloride solutions.

It seems, therefore, that a large number of green rust 
type compounds exist, some appearing to be partially oxidised 
ferrous hydroxide. GRI and GRII form only in neutral and 
slightly alkaline solutions. Kiyama (1969) obtained GRII in 
sulphate solutions between a pH of 6.5 and 9*0, whereas, 
between 9*0 and 12.0, ferrous hydroxide was oxidised directly 
to magnetite. Misawa ejb ^  (1974) obtained GRI and GRII 
respectively at chloride and sulphate levels down to 10 ^ 
mol l"^. At lower levels greenish suspensions appeared 
instead of green rust precipitate.

It appears that GRI and GRII always form topotaxially 
from ferrous hydroxide; they usually also oxidise topotaxially, 
forming magnetite on slow oxidation (Keller) and lepidocrocite 
on rapid oxidation (Misawa _et 1974), Using transmission 
electron microscopy (TEM) Feitknecht observed that long, thin, 
hexagonal platelets of ferrous hydroxide were oxidised to

- 8l —



shorter, thicker platelets of GRI and thence into magnetite 
without further change in morphology. This suggests that the 
green rust structures are closely related to that of ferrous 
hydroxide and are readily converted to magnetite or 
lepidocrocite. However, transformation is not always by 
solid-state reaction. Kiyama found that hexagonal GRII in 
ferrous sulphate dissolved on oxidation and polygonal crystals 
of magnetite precipitated. This appears to have been due 
to the presence of ferric ion which promoted the rate of 
magnetite precipitation from solution.

The chemical formulae of green rusts have only been 
partially established. Some appear to exist over a range of 
Fe^^rFe^^^ ratios. Keller reported that the proportion of 
ferrous ion in the total iron content of GRI varied from 
80% to 43%y the formula changing from Fe^^^ ^.Fe^^^^ ^ 
(O.OH.Cl)g to Fe^^^ g^.Fe^^^2 ^^(O.OH.Cl)^ during oxidation. 
Chemical analysis and Mbssbauer spectroscopy showed (Misawa 
et al, 1973» private communication from M. Kiyama, 1971) that 
GRI contains between 60% and 70% of Fe^^, while GRII contains 
between 50% and 60% of Fe^^ (in the total iron). The 
structure of GRII appears to incorporate sulphate ions and 
the formula 2Fe^^^(0H)^.4Fe^^(0H)2.Fe^^S0^.xH20 has been 
proposed (Detournay ejt ^ )  although the Fe^^;Fe^^^ ratio here 
(5:2) is higher than that indicated by Mbssbauer spectroscopy.

It has been proposed that GRI and GRII are isomorphous
with cobalt (II)(III) hydroxy salts (Mackay, 1961).
Isomorphism also appears to exist with the pyroaurite structure

III(pyroaurite; Mg^Fe (OH) . 4H2O ). Here, magnesium ions
take the place of ferrous ions.
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To summarise, the conditions under which green rust I 
and green rust II occur, and the reactions which they undergo, 
are fairly well known. However, less is known of the green 
rusts based on the ferrous hydroxide structure. Certain green 
rusts require anions like Cl and for their formation
and perhaps also for their existence. Misawa et ^  (1974) 
have noted that these anions have strong affinities for the 
positively-charged Fe^^Fe^^^ hydroxyl ions which form prior 
to green rusts, so that they probably influence the stacking 
of cations and oxygen ions to give different green rust 
structures. It has not yet been determined whether these 
anions are chemically bonded in the green rust structure.

4.2 Experimental Study of Green Compound formed on Cast Iron

4.2.1 Conditions of Occurrence

The present green compound occurred in corrosion scales 
on grey cast iron at 75°C and at 50°C, in waters which were 
slightly alkaline and contained most of the ions commonly 
found in natural waters (Tables 2.2 and 3.1). Further 
experiments were designed in the first place to study the 
dependence of the green compound upon the presence of specific 
ions and upon the pH of solution.

A stock of pure water was prepared by distillation and 
deionisation of public supply water. Solutions of different 
alkaline pH values were prepared by adding varying amounts of 
sodium hydroxide. Two of these, having nearly neutral pH
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values, underwent chemical analysis: this showed (Table 4.I) 
that deionisation reduced chloride and sulphate concentrations 
to negligible levels. However, the alkalinity present (<5 PPm) 
probably included some bicarbonate ion (equation 3*1) •

Specimens of grey cast iron were allowed to corrode in 
solutions of different pH for 4 hours at 50°C, between 0.2 
and 0.4 ppm in the apparatus of Fig 3II. Green compound 
and magnetite formed at all pH values except pH of 6.0 (where 
only magnetite appeared) and pH of 10.9 (where no scale 
appeared at all). Unfortunately, pH values varied slightly 
during corrosion (as detailed in Table 4.2) but it can still 
be concluded that, at 50°C, the green compound does not form 
outside the pH range 6.6 to 10.9 and that in this respect it 
resembles the green rust compounds. However, it does not 
require chloride or sulphate for formation and so is distinct 
from GRI and GRII, although its formation may have been 
affected by small amounts of carbonate or bicarbonate.
The compound also formed in M/10 sodium chloride, in M/100 
potassium sulphate and in M/1000 sodium carbonate solution 
(McGill, McEnaney & Smith, 1976). These concentrations are 
equivalent to those at which green rusts have previously been 
found.

4.2.2 Crystallographic Structure of the Green Compound

X-ray powder patterns obtained from scales containing 
magnetite and green compound were analysed to determine the 
crystal structure of the green compound. An unambiguous

- 84 -



solution could not be obtained, however, due to the possibility

that green compound reflections coincided with those of magnetite.

However, McGill (1975) isolated pure green compound with an

X-ray spectrum free of magnetite reflections. The d-spacings

obtained by McGill from this spectrum have been re-measured and

are listed in Table Measurements were made with a vernier

scale having a X8 eyepiece to facilitate setting at the centres

of X-ray lines. This permits more accurate d-spacing measurement

for strong lines, although weak lines are better measured by

unaided vision.

The d-spacings in Table 4.3 were referred to a standard
IIull-Davey chart, from which the structure was found to be

hexagonal, with an approximate c^/a^ ratio of 7.1. An hexagonal

lattice is to be expected in view of the six-sided morphology
seen by metallography. Lines 2 to 9 of the spectrum were indexed

by inspection (Table 4.3) but line 1 did not fall on the chart

(see below). Since graphical indexing was straightforward,

more rigorous analytical indexing procedures were not pursued.

Accurate values of a^ and c^ were calculated using the

relationship for any line (h k 1) in an hexagonal structure;\2 \ 2
sin^G = — 2 + hk + k^) + •—- 2. 1^ 4.13&0 4Co

is 3.2049 for Co-AQ radiation (Cullity, 1936; p 311).
The accuracy of measurement of G increases with 6 (Cullity,

p 323); lines of high diffraction angle are therefore used for

calculation of a and c . The (110) and (II3) lines were used o 0
(lines 12 and 13 respectively): use of an (hko)-type
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reflection permits the term X~/Zfĉ  to be removed from equation

4.1 and to be calculated. Substituting appropriate h k 1 

and sin^ 9 values in equation 4.1 gives, for the (110) line,

3.2049 _ 0.3193 4.2

2and for the (II3) lino, using the value of from equation

4.2
3.2C49 _ 0.3336 - 7.2103 , ,

2 -  2
%  %

From equations 4.2 and 4.3»

= 3.18?. 1 0.01?
c = 22.62? i 0.10?o

emd c^/a^ = 7.11 1 0.06

The quoted errors are those estimated for measurement of 

d-spacings. For comparison, and c^ were calculated in

the same way using the (103) and (108) reflections. These 

give a^ of 3.16% ^ 0.O3S, of 22.33% - 0.13%, and c^/a^ of

7.14 ~ 0.10.
The intense line 1 at 7.46% was indexed from the relationship 

between two lines (001^) and (001^) at angles 0^ and 0^;

®1 = ^  4.42 2sin^ I2
For the 7.46% and 3.73% lines the ratio sin^ 0^/sin^ 9^ is close 

to 1/4. In the hexagonal system only (001)-type lines occur 
in forward reflection; since the 3.73% line is (CO6), the 

7.46% line must be (003).

To summarise. X-ray analysis shows that the green compound 

has an hexagonal structure like all the green rusts. D-spacings 

and lattice parameters of the reported green rusts are listed in 

Tables 4.4 and A.3 for comparison. The lattice parameters
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of the present compound are similar to those of all green rusts
(except GRII) so that the present compound can be considered
to be a form of green rust.

McGill (1975) noted that the structure of the present
green rust also possesses rhombohedral symmetry. All the
hexagonal indices obey the relationship

-h + k + 1 = 3n ' 4*5
where n is an integer (Cullity, p 463)*

The rhombohedral indices (h k 1) of each line have been
calculated (Table 4*3) taking the hexagonal indices as (H K L)
and using the relationships;

h = 1/3 (2H + K + L)
k = 1/3 (-H + K + L) 4.6
1 = 1/3 (-K - 2K + L)

The rhombohedral unit cell is defined by three equal
axes, a at equal angles,a . In terms of a_ and c_ foro.r ' o o
the hexagonal system,

~ o.Hex^  ̂ o.Hex
4.7

sin a/2 A

L
Using the values of a^ and c.^ from equations

4.2 and 4.3

®o.r = 7-75 - 0.03% 
a  =  23° / f0 ' t  1 °
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4*2.3 Transformation of Green Rust to Magnetite on Cast Iron

4.2.3.I Introduction

An electron diffraction study of the present green rust 
was carried out by McGill £t Using an AEI EM802 electron
microscope, good transmission and strong diffraction patterns 
were obtained at 100 kV with the hexagonal plane of the 
crystals appearing to be perpendicular to the beam. The 
crystals grown on cast iron by 24 hours' immersion in aerated 
sodium carbonate solution gave two different diffraction 
patterns. The first, which was more widespread, v/as indexed 
in terms of the green rust structure. The second contained 
additional spots which were indexed as magnetite. Crystals 
diffracting the two different patterns appeared identical, 
so that the green rust seemed to have transformed partly to 
magnetite by a solid-state reaction. This is similar to 
Feitknecht's observation on green rust I. In the present 
case it was shown that, parallel to the beam direction, the 
[42.I] hexagonal direction in green rust is parallel to the 
[ill] direction in magnetite, while the (1.0.Î.17) hexagonal 
green rust plane is parallel to the (111) magnetite plane.
No tilt experiments were carried out to determine the 
orientation relationship unambiguously.

4.2.3*2 Further Electron Microscopy of Green Rust

It was shown in Ch 4*2.1 that the present green rust 
does not form at pH values below about 6.6. This suggests
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that the transformation of green rust to magnetite might 

occur more readily if the rust were introduced into slightly 

acid water.

Accordingly, four pieces of prepared grey cast iron were 

first allowed to corrode for five hours at 30°C, in water of 

pH 9, at 0.4 ppm 0^. A scale of green rust and magnetite 

formed. From one specimen samples were carefully removed and 

prepared for TEM study, using a method developed by McGill 

(1973). The scale, which was in powder form, v/as placed in 

a 3 ml glass bottle containing 2 ml of a standard collodion 

thin-filra solution (2)6 collodion in amyl acetate). The 

suspension was given sufficient ultrasonic vibration to 

disperse agglomerations of crystals. Two drops of the 

suspension were pipetted onto a clean glass slide and a second 

slide placed vertically on top. The two were pressed together, 

then separated. The acetate solvent evaporated, leaving a 

dispersion of crystals in a thin collodion film over the glass. 

A thin film of gold was then evaporated onto the collodion, 

both to strengthen the film under the electron beam and to 

give a standard background diffraction pattern with which to 

calibrate the patterns arising from the compounds under study. 

The gold-coated film was scored into 2 mm x 2 mm squares which 

were floated off the glass in deionised water and thence 

lifted out on copper specimen grids to be dried prior to TEM 

study.

Many examples of well-formed hexagonal platelets wore 

seen by TEM. One platelet and the corresponding selocted-
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area-diffraction pattern are shown in Figs 4*2 a and b 
respectively. In order to measure d-spacings of spots, the 
value of the camera constant for the microscope must be known. 
This quantity varies with distance from the centre of a 
diffraction pattern, but it can be calculated using accurately 
known d-spacings in the pattern. In the present work the 
constant was calculated in the vicinity of all reflections of 
interest using d-spacings of the gold pattern. The calculated 
d-spacings of major spots in Fig 4.2b are listed in Table 4.6. 
Comparing these with the X-ray d-spacings in Table 4*3 permits 
the pattern in Fig 4.2b to be indexed unambiguously, as shown 
in Fig 4.2c. The zone axis [u v w] parallel to the beam 
direction is calculated from the relationship between any two 
spots (h^ k^ 1^) and (h^ l^J;

4.8

The axis given by all spot pairs in Fig 4.2c is [42Ï]. The 
plane of the crystal perpendicular to the beam was calculated 
by the equation given by Andrews et al (1971; p 94) and found 
to be (1.0.I.17). These results agree with those of McGill 
et al and are discussed in Ch 4*3.2.

4.2.3.3 Electron Microscopy of.Green Rust Oxidised in Acid 
Water.

The two remaining corrosion scales formed in alkaline 
water were immersed in a slightly acid water which had been
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twice de-ionised, heated to 30^C during deaeration and adjusted 
to a pH of 5*9 by additions of dilute hydrochloric acid. 
Specimens were allowed to corrode for 3 hours at under
0.3 ppm 0^, On extraction the scale was no longer green, but 
black. X-ray analysis showed only magnetite. A sample of 
scale was carefully removed and grid specimens prepared as 
before for TEM.

Electron microscopy again revealed hexagonal-shaped 
platelets but these now appeared to be planar agglomerations 
of small crystals with an overall hexagonal outline (Fig 4.3&, 
with detail in Fig 4.3b). The selected-area-diffraction 
pattern (Fig 4.3c) contains several incomplete diffraction 
rings with a fairly prominent, coincident spot pattern.
The ring d-spacings, calculated using the faint (111) gold 
reflection, are listed in Table 4*7 and are found to be those 
of magnetite (ASTM 11-614). The superimposed spot pattern is 
a (111) face-centred-cubic pattern, while the zone axis 
(calculated from equation 4.8) is [ill] . The absence of 
hexagonal symmetry indicates that the green rust has transformed 
completely into polycrystalline magnetite.

Similar agglomerations of small, rounded crystals, having 
an overall hexagonal outline, were widespread in this specimen. 
Some hexagons were v/ell-formed, like the green rust crystals 
in Fig 4.2a. Others consisted of larger particles and the 
whole agglomeration had ragged edges, as if partially dissolved.
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4.2.4 Chemical Analysis of Green Rust

Chemical analysis was carried out to determine the ratio 
of ferrous to ferric ion in the green rust. For this, 
quantities of the order of hundreds of milligrams are 
required. Preparation in carbonate solution, which yielded 
fairly pure green rust, did not give these amounts. Preparation 
in alkaline water gave larger quantities, but only of mixed 
magnetite and green rust. It was therefore necessary to 
separate the two compounds prior to analysis. It was found 
by experiment that 0.3 M hydrochloric acid leaches out green 
rust from magnetite-green rust mixtures leaving only faint 
green rust lines in the residue. It was assumed that no 
magnetite was dissolved and that the filtrate contained only 
green rust in solution.

Quantities of about 300 mg of scale were prepared in 
alkaline water. Scale was washed off with acid into a filter 
funnel under a stream of nitrogen, while both filtrate and 
residue were continuously deaerated. The filtrate was removed 
under nitrogen for analysis. The residue v/as dissolved in 2 M 
hydrochloric acid and also analysed. The ferrous-to-ferric 
ratios in both filtrate and residue were determined by the 
method of Vogel (1961). Ferrous ion concentrations were 
determined entirely under nitrogen. The filtrate was made 
up to 230 ml with deaerated, dilute sulphuric acid. An aliquot 
of 30 ml was taken, 10 ml of concentrated ortho-phosphoric 
acid were added to complex the ferrous ion and the ferrous
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concentration was determined with O.OIN potassium dichromate, 
using sodium dipnehylamine sulphonate as indicator and titrating 
to a permanent violet-blue end-point.

The total iron concentration was determined, under 
nitrogen, by heating a 30 ml aliquot of the filtrate to boiling 
then adding stannous chloride solution dropwise to reduce all 
ferric ion to ferrous. The filtrate was originally yellowish 
due to the presence of ferric ion; stannous chloride was added 
until the solution became colourless. The small excess of 
stannous salt was removed by adding 10 ml of concentrated 
mercuric chloride. A faint, milky precipitate of mercurous 
chloride was required, indicating that all stannous salt had 
been oxidised. Stannous ions interfere with the dichromate 
titration whereas mercurous ions do not. After removal of 
stannous ions all iron was present as ferrous ion. After 
complexing with phosphoric acid, this was titrated with 
potassium dichromate as before. From the values of ferrous 
and total iron the ratio of ferrous to ferric was calculated.

Three determinations each of ferrous and total iron were 
carried out on each sample of green rust prepared. The residue, 
which v/as mainly magnetite, was analysed in the same way. 
Agreement to v/ithin 0.03 ml was obtained. Three samples of 
green rust and magnetite were prepared and analysed, and the 
results are listed in Table 4*8.

The most striking feature of the results is that, in two 
cases, the green rust appears to contain only 1% of ferric ion, 
while in the third it contains 17%. The residue contains a
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higher proportion of ferric ion than stoichiometric magnetite 
(66.7%). The results are discussed in Ch 4.3.1

4.2.3 Infra-Red Spectroscopy of Green Rust

A characteristic of several of the green rusts is that 
they depend for formation upon the presence of anions such as

m»' mm 'Cl~, so, ", Br~ and C0_ ". A further characteristic is that4 3
all are restricted to alkaline solutions, while several have 
been seen to form directly from ferrous hydroxide, so that 
hydroxyl ions most probably exist in green rust structures.
The presence of ionic groups in a compound can be detected by 
infra-red spectroscopy, since the rotational and vibrational
spectra of ions and molecules lie in the infra-red region of
the spectrum (Brügel, 1962). Experimentally, the compound 
under study is mounted in a suitable suspension and subjected 
to an infra-red beam of continuously varying v/avelength (usually 
from 1 up to 10 pm) while the percentage transmittance of the 
beam through the specimen is recorded. The presence of specific 
ions causes a drop in transmittance at characteristic 
wavelengths. In the case of the present green rust only 
carbonate and hydroxyl ions were considered likely to be 
associated with the structure; qualitative infra-red spectroscopy 
was thus carried out to ascertain whether these were detectable 
in the green rust spectrum.

A specimen of green rust, containing no detectable magnetite, 
was prepared by corrosion of grey cast iron in sodium carbonate 
solution of 200 ppm CO^^ for 6 hours at 8 ppm 0^ and 20°C.
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The green rust was ground into suspension in liquid paraffin 
and placed between two sodium chloride plates. This assembly 
was mounted in the infra-red spectrometer, a Hilger-Watt 
"Infragraph", and scanned between 1. and 10 pm. The percentage 
transmittance was plotted against wavelength. This was 
repeated with only paraffin held between plates. Both scans 
gave identical spectra, except that the green rust gave a 
peak at 3*0 to 3*3 pci (Fig 4*4) which is attributed to the 
presence of hydroxyl ions, either as OH" ions or as water; 
(Brügel, Table 13). No carbonate peak was observed.

4.3 Discussion

4.3.1 The Nature of Green Rust formed on Cast Iron

The present green rust forms in a range of solutions 
between room temperature and 30^C; pure water, dilute sodium 
hydroxide, chloride, sulphate and carbonate solutions, and in 
mixtures of these. It is similar to other green rusts in 
several respects; it has hexagonal symmetry, with similar 
lattice parameters (except in the case of GRII); it is 
restricted to neutral and alkaline solutions; it appears to 
be in a lower oxidation state than magnetite and can be. 
converted by solid-state reaction to magnetite. However, it 
is not identical to any particular green rust. It is fairly 
stable in air and in alkaline solutions, yet it does not depend 
for formation upon the presence of a specific anion, except, 
possibly, upon traces of bicarbonate. The green rust reported
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by Lea in carbonated water (Table 4.4) has similar X-ray 
d-spacings to the present compound. However, some of the 

present lines were not reported by Lea, while his green rust 

was stable in water of pH 3.3 and contained copious amounts 

of carbonate, but could not be handled in air without 

decomposing. It is not, therefore, identical to the present 

green rust.

The main differences between green rusts are the 

different conditions of occurrence. Differences in X-ray 

d-spacings are often only slignt, while similar intensity 

ratios exist between major low-angle lines in many patterns 

(cf. (003) and (006) line intensities in Table 4.4). Î  ̂addition, 

the unit cell sizes of all except GRII are similar. These 

points suggest a broad similarity in internal atomic arrangements 

It has been shown that GRI and GRII form topotaxially from 

ferrous hydroxide when a proportion of ferrous ions becomes 

oxidised. This alters the stacking sequence of oxygen/hydroxyl 

ions to give a larger (green rust) unit cell. Mackay (1961) 

proposed that, since green rusts are transitory structures 

between hexagonal ferrous hydroxide and cubic magnetite, their 

unit cells contain elements of cubic oxygen stacking: on this

basis he proposed that GRI (c^ = 24.2%) has nine oxygen/ 
hydroxyl layers per unit cell - ABC BC AC AB-, Since most 

other green rusts have c^- values close to this the 9 layer 
stacking may be a stable configuration upon which green rusts 

form. Those associated with chloride, bromide and carbonate 

ions only foi-rn in the presence, respectively, of these ions,
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which, as already noted, probably influence the stacking in 
the unit cell. In. compounds where no such anions are involved, 
vacancies in the oxygen/hydrogen lattice, or the presence of 
water molecules at regular intervals, may give different 
stable structures (Lea). The present green rust appears to 
undergo a reaction on air ageing (Fig 3*19a) which may be 
gain or loss of water from the structure.' The presence of 
hydroxyl groups has been demonstrated by infra-red spectroscopy, 
but, unfortunately, it cannot be said whether these are simply 
part of the octahedral structure or are also due to adsorbed 
or combined water.

Chemical analysis of the present green rust has indicated 
between 1% and 17% of ferrous iron in the total of iron.
Further confirmatory analysis is evidently needed, but the 
data suggest a variable Fe^^iFe^^^ ratio, as has been found 
in GRI and GRII (Misawa ejt al, 1973)" The magnetite formed 
in the present work was also analysed. It contained between 
77% and 83% of ferric iOns in the total iron. This is higher 
than in stoichiometric Fe^O^ (67%), but such high values were 
found by Feitknecht, who also detected the presence of amorphous 
hydrated ferric oxide. However, this point has not been 
studied in the present work.

The present green rust should occur widely in scales in 
hot-water systems containing alkaline waters, SEM study has 
shown that green rust forms closer to the iron surface than 
magnetite or lepidocrocite, but this does not provide increased 
corrosion protection; at 0.44 Ppm 0^, where a substantial

- 97 -



proportion of scale is green rust, the corrosion rate is 
linear.

4.3.2 Transformation of Green Rust to Magnetite on Cast Iron

Extensive SEM study has suggested that green rust and 
magnetite generally form independently by solution precipitation, 
Electron microscopy by McGill showed that some green rust 
crystals were partially transformed to magnetite while retaining 
their hexagonal appearance. Green rust can be completely 
transformed to magnetite in acidified water, but this has never 
been seen under alkaline conditions. It is possible that, in 
alkaline solutions, green rust transforms partly to magnetite 
but that complete conversion is limited by some factor, probably 
by interfacial lattice strain considerations. Possible evidence 
of strain is seen in the curvature of the hexagonal platelet 
in Fig 4.1. In acid solutions complete transformation to 
magnetite may be made easier by simultaneous dissolution of 
green rust, which would relieve interfacial stress; this is 
suggested by the ragged edges of the hexagonal agglomerations 
(Fig 4.3a).

The crystallographic relationship observed by McGill 
appeared to be fairly strict. In acid solutions, however, 
while complete transformation to magnetite occurs in a 
preferred [ill] cubic direction, a ring pattern also appears, 
indicative of some random nucléation. The uniform appearance 
of the green rust crystals during transformation in alkaline 
solution and the retention of the hexagonal outline after 
complete conversion to magnetite indicates a topotaxial
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transformation. There is probably also some dissolution of 
green rust under acid conditions, as well as some random 
secondary nucléation of magnetite from solution to give the 
ring pattern. An epitaxial transformation would, it is felt, 
have been indicated by a change in appearance of the green 
rust crystal surfaces in McGill's work, but none was observed.

McGill £t ^  found that, during transformation, the 
following relationships exist;

I : d-O.ï.l?)Cubic (llDcublc
In the present work, diffraction patterns containing both 
hexagonal and cubic symmetry have not been obtained, but 
separate determination of green rust and magnetite orientations 
with respect to the hexagonal crystal plane are the same as 
those of McGill e_t al.

The relationships have been queried by Mackay (1976) 
who suggested that a comparison of the oxygen stacking in 
magnetite and in other green rusts would indicate that magnetite 
grows in [ill] out of the basal hexagonal plane;

[00-1]Hex II D-11] Cubic : ( 3 0 3 0 ]| (112)cutic
No orientation relationships appear to have been reported 
experimentally for green rusts and their oxidation products.
It is true, however, that the present green rust crystals 
appear to have a well-defined basal plane perpendicular to the 
beam (Fig 4*2a). If this were indeed the basal plane, then 
a (00.1) hexagonal pattern should arise, the inner spots 
being {00l( and {llO} reflections (Hirsch et al, 1963).
There is a geometric similarity between the (00.1) pattern and
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the pattern in Fig 4.2b, but no |lOO| reflection appears 
in the X-ray data. Further, at the calculated c^/a^ ratio, 
a |l00} reflection would occur at 2.75%, while a jlio} 
reflection would lie at 1.60%. If the X-ray data has been 
correctly interpreted, therefore, the plane of the hexagonal 
crystals is not (00.1). An attempt was made to re-index the 
X-ray data by assuming that either of the lines at 2.668% 
and 2.460% (Table 4.3) were {lOO} or {lio} type reflections. 
However, none of these four possibilities allow all X-ray 
lines to be indexed on a standard Hull-Davey (hexagonal) 
chart. A further possibility was explored; that Fig 4.2b 
shows a (00.1) pattern and that the inner array of spots 
are jlio} and- {210[ type reflections. This assumes that 
the {lOO| spots are too weak or too near the centre of the 
pattern to be visible. In this case the outer spots would 
arise from |300j and {330} planes, with d-spacings close to 
1.46%. According to the standard Hull-Davey chart, however, 
these planes have very much lower d-spacings. These 
considerations indicate that the plane of the hexagonal 
crystals is not the basal plane.

The deviation of the hexagonal crystals from the true 
basal orientation can be calculated; (Andrews _et al, p. 94).
The angles between [421]^^^ and [OO.l] and between

(l.0.ï.l7)jjg^ and (OO.l)g^^, are both 25° 48 .
The unusual habit plane of the green rust crystals cannot 

be explained from the present data, but needs to be further 
investigated. (See "Suggestions for Future Work": Chapter 7).
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4.4 Summary

A stable green rust, previously unreported, has been 
found in corrosion scales on cast iron in a wide range of 
solutions and seems likely to occur widely in corrosion scales 
in central heating systems containing alkaline water. It 
does not, however, appear to be any more protective against 
corrosion than magnetite or lepidocrocite. Crystallographically, 
the green rust is similar to the other green rusts. Preliminary 
chemical analysis indicates a variable Fe^^iFe^^^ ratio, 
somewhat lower than previously reported in other compounds. 
Further chemical analysis is required.

The green rust has been shown to convert partly to 
magnetite by a solid-state reaction in alkaline carbonate 
solution (McGill at and completely to magnetite in slightly 
acid water (present work). The reaction in alkaline solution 
appears to be topotaxial, as previously noted in several green 
rusts. The plane of the hexagonal crystals is (l.O.I.l?)^^^) 
while the zone axis perpendicular to this plane, parallel to 
the beam, is Magnetite grows in the [ill] cubic
orientation out of the hexagonal crystal plane. This is an 
unusual relationship which should be verified by further 
transmission electron microscopy.
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Fig 4.1 Growth of Magnetite-like Crystals from both sides
of Green Rust Platelet; SEM; Alkaline Water, 3 Hours, 

50°C, 0.35 ppm 0^.





Fig 4*2 Green Rust formed on Cast Iron in Alkaline Water;
TEM; 5 Hours, 50°C, 0.4 ppm 0^.

a) Part of Hexagonal Green Rust Crystal .

b) Selected-Area-Diffraction Pattern from a) 
Rotated Clockwise Through 166°.

c) Indexed Pattern.
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Fig 4*3 Hexagonal Morphology; TEM; Five Hours in Alkaline
Water at 30°C and 0.4 ppm 0^, followed by 3 Hours in 
Acid Water at 30°C and 0.3 ppm 0^,

a) Hexagonal Crystal.

b) Detail of a).
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Fig 4.3 (continued)

c) Selected-Area-Diffraction Pattern from b) 
Rotated Clockwise Through 166°.

d) Indexed Pattern.
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Fig 4*4 Infra-Red Spectrum of Green Rust showing Peak 
ascribed to Hydroxyl Group,
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TABL3 4.1

Chemical Analysis of Two Samples of Deionised V/aters 

before and after Corrosion; Grey Cast Iron,

2 hours, ^O^C, 0op ppm 0^.

Cl" Alkalinity 
ppm ppm ppm

As-Prepared
Sample 1

After
Corrosion

<0.3 0.8 3.0 

1.9 3.6 7.3

As-Prepared
Sample 2

After
Corrosion

<0.3 1.2 3.0 

1.4 3.8 3.3

TABLT 4.2

Changes in pH Value During Corrosion; Grey Cast Iron, 

4 Hours,50°C, 0.3 ppm 0^.

pH before 
Corrosion 6.1 7.4 8.1 9.1 9.9 10.1 10.9

pH after 
Corrosion 6.6 6.2 6.8 8.4 9.0 9.6 10.3



TABLE 4.3
X-ray Spectrum of Green Compound formed on Cast Iron in

200 ppm Wa-CO?; 2 H, 20°C, 0.0 ppm O g .

Line
Lo. I (%)

0 (2)
Hexagonal 
Indices 
(h k 1)

Rhomb.
Indices

sin^O
(^^.0004:

1 100 7.46
(±0.03)

(003) (111) 0.0144

2 30 3.75 (006) (222) 0.0369

3f 2.721
(±0 .003)

(101) (100) 0.1082

4 30 2.668 (102) (110) 0.1126

3f 2.460 (104) (211) 0.1321
6 30 2.342 (105) (221) 0.1461

7f 2.086 (107) (322) 0.1841
8 30 1.965

(±0.002)
(108) (332) 0.2073

9vf 1.872 (0.0.12)

10 13 1.741 (1.0.10)
(0.0.13) (433) 0.2643

11 10 1.639 (1.0.11) (443) 0.2981
12 20 1.584 (110) (10Ï) 0.3193
13 20 1.550 

(±0.001 )
(1.0.12)
(113)

(210) 0.3336

14d 13 1.463 (1.0.13)
(116)

(321) 0.3743

f ; faint, vf : very faint , d ; d:iffuse.



D-spacings and

TABLE 4.4

Intensities of Green Rust X-Ray Powder Spectra.

Green Rust I Green Rust I Green Rust II
(Chloride) (Sulphate) (Bernal et al)
(Keller) (Bernal et al)

d(2) I/Io d(2) I/Io d(2) I/Io
8.02 100 7.49 100 10.9 100
4.01 80 3.84 80 5.48 80
2.701 60 2.72 60 3.65 80
2.408 60 2.47 60 2.74 40
2.037 30 2.029 40 2.660 60
1.803 20 1.616 40 2.439 60

Green Rust Green Rust Green Rust
(Lea) (Carbonate: Lea) (McGill et al)

d(2) I/Io d(2) I/Io d(%) I/Io
8.12 100 7.59 100 7.46 100
4.00 20 3.77 40 3.73 30
2.69 2.67 37 2.72 3
2.31 33 2.349 45 2.668 50
2.40 27 2.084 30 2.460 5
2.10 3 1.968 5 2.342 50
2.03 24 1.872 10 2.086 • 5
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TABLE 4.6

Electron Diffraction Spot D-spacings from Green 
Rust formed in Alkaline Water; 5 Hours, 50°C, 
0.4 ppm O^. (Fig 4.2b; Four adjacent spots)

Outer Pair Inner Pair

d.S 1.46 1.47 2.48 2.53

TABLE 4.7
Electron Diffraction Ring D-spacings from Green Rust from 
Alkaline Water, with Additional Exposure to Acid Water; pH 

5.9, 3 Hours, 50°C, 0.3 Ppm 0^.

Ring No. d(%) Identity
1 2.97 (220) Fo^O^

2 2.34 (311) Fe^O^

3 1.61 (333) Fe^O^
4 1.47 (440) Fe^O^



OO

sfQ

0)•p•H+>0
&c6S
TJa
cs
4->CQ0K
aQi0Uo
a•H
0O
-P
K

0fjH
MM
0Ph
tH
o

w©0%rH0Ü<
rHcSÜ•H
S
0Xio

MM

M

•H

M

rH
P O 0

0 0

0 tH •H CCJ 0 O >>C0 iH0 X(

OJ



CHAPTER 5

STABILITY OF LEPIDOCROCITE IN WATER

Introduction
During metallographic study of scale formation on cast 

iron at 3.0 ppm 0^ (Chapter 3)^it v/as noted that the proportion 
of magnetite in the scale gradually increased, while the 
proportion of lepidocrocite decreased. The first stage of 
scaling was the precipitation of lepidocrocite as clusters of 
orange needles, while green rust formed elsewhere on the iron 
surface. After abouL 10 minutes' corrosion magnetite was 
detected by X-ray diffraction. The spectrum gradually 
strengthened and after 80 minutes magnetite was observed 
microscopically as a blackening of the lower parts of lepidocrocite 
clusters. The proportion of magnetite continued to increase, 
suggesting that lepidocrocite and magnetite co-precipitate 
from the outset, the magnetite forming underneath, or inside, 
the lepidocrocite precipitates as a result of decomposition 
of the latter. Subsequent growth and development of the scale 
as a mixture of magnetite and green rust thinly overlaid with 
lepidocrocite supports the view that lepidocrocite decomposes.
A series of corrosion exposures for 6-hour intervals at different 
oxygen levels (Ch 3*1*2) showed that lepidocrocite decreased 
in proportion with decreasing oxygen level and v/as not observed 
below 1.1 ppm oxygen, whereas magnetite occurred at all oxygen 
levels.

Lepidocrocite appears, therefore, to be unstable with
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respect to magnetite even in aerated solutions. In this 

Chapter the relationship between the two compounds in aqueous 

corrosion scales is investigated in more detail. Firstly, 

published work on the precipitation mechanisms of both compounds, 

and on their relative stabilities, is reviewed, then a further 

experimental study is described. Discussion of the i-esults 

is extended to consider the case of scale formation in hot-water 

systems.

3.1 Review of Previous V/ork

3.1.1 The Mechanisms of Precipitation of Lepidocrocite and 

Magnetite

At an iron surface in neutral hot water spontaneous 

dissolution normally occurs, followed by hydrolysis;

Fe + OH" = (Fe^^OH)* + 2e 2.3

Further oxidation can occur, with additional hydrolysis;

(Fe^^CH)^ + OH* = (Fe^^I(OK)gF + e 5.1

However, the standard electrode potential for this oxidation 

half-reaction at 23^C is +0.77V; reaction 3.1 therefore normally 

occurs only when oxygen is present, since the reduction 

potential of oxygen in water is more positive than the oxidation 

potential for Fe^^/Fe^^^ at all pH values (Misawa, 1973, Table 

8).
The ferric iron species formed by oxidation are less 

soluble than ferrous species, so that oxidation usually causes 

rapid precipitation of magnetite or of a form of hydrated
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ferric oxide. The ion (FeCH)’̂ is the main ferrous specics'̂ 'in 

slightly alkaline water. The maximum level of this ion can 

be approximately estimated from the solubility product of 

ferrous hydroxide, as indicated by equation 2.9 (for 23°C; 
page 43). At a pH of 8 this gives a maximum concentration of 

FeOH^ of about f x 10 mol 1 ^. The solubility of ferric ion,
 ̂+ -fFe^ , or ferric hydroxyl ion, FeCOH)^ , appears to depend on 

the solid with which it is in equilibrium. Ferric hydroxide, 

Fe(OH)y, occurs as a short-lived precipitate and also as an 

undissociated molecule in solution, with a maximum solubility 

at 23°C of lO"^ mol 1 (Stumra Sr Lee, 1961; see also the disc

ussion below). The maximum solubility of Fe(OK)̂ '*' in equilibrium 

with FeOOH at 23°C varies between and 10"^" mol 1 ^

between pH values of 3.3 and 9.4 (Feitknecht). The FeCOH studied 

in this work contained both a- and y-forms (goetnite and 

lepidocrocite) with lepidocrocite having a slightly higher 

solubility. Eohnsack (1971) calculated that the solubility of 

Fo(CH)^^ in equilibrium with magnetite at a pH of 9*4 and 23^C 

has a maximum value of 10 mol 1**̂ ,

It thus appears that, while both magnetite and lepidoc

rocite are much less soluble than ferrous hydroxide, formation 

of ferric ion spoci.es should lead more readily to precipitation 

of magnetite than of lepidocrocite.

Loth lepidocrocite and magnetite appear to precipitate 

by a process of combination, or polymerisation, of species such
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as (Fe^^OH)*; (Fe^^^COII)^)^ and 0H“ into larger species, 

with a corresponding decrease both in charge density and in 

solubility, until an uncharged precipitate forms; (Misawa £t 

al, 1974)• In neutral and acid waters the polymerisation 

process also involves the six water molecules of the solvation 

sheath which normally surround ferrous and ferric ions (Cotton 

& Wilkinson, 1972, p 863). The water molecule is unstable in 

the electrostatic field of the cation and tends to dissociate 

into a hydrogen ion, which is repelled, and a hydroxyl group, 

which links two cations to give a Fe - § - Fe bond.

Both ferrous and ferric species are involved in magnetite 

formation and in neutral waters the first stage is thought 

to be
+

+ oh" + Fe^I - OH
+

_H0"
_ Fell

HO I- OH

5.2

Incorporation of a second ferric ion gives the stoichiometric 

ratio of Fe^^:Fe^^^ in magnetite (1:2);

+ 20H" +
r 0H-,
L i " '  1

JIO' L '0H_

HO' -OH
+ FH^O 5.3

Subsequently, monomeric species are incorporated into 

the growing ion. The first black precipitate contains some 

hydroxyl groups and is readily oxidised to FeOOH in air, but 

if retained in solution it loses water and becomes stable.

A green intermediate compound v/as reported in magnetite formation 

by Schikorr (1928).

The mechanism of lepidocrocite precipitation is similar.
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except that only ferric ion species are involved (ItLsawa et 
1974). The intermediate compound ferric hydroxide,

Fe(OH)^, has been reported during formation of FeOOH, It 
appears as an amorphous gel on hydrolysis of ferric salt 
solutions by hydroxyl additions (Durrant, 1962; Misawa, 1973). 
Bohnsack (p. 33) proposes that it rapidly dehydrates to FeOOH;

Fe(OH)^ = FeOOH + H^O 3.4
The product of dehydration is goethite rather than lepidocrocite 
(Feitknecht), However, no compound with composition Fe(OH)^ 
has ever been isolated. That studied by Misawa contained 
variable amounts of chemically-bound water and had an excess 
of Fe(III) over the stoichiometric composition Fe(OH)^, so 
that a more correct formula would be FeOOH,nH^O; (n<I). At 
medium pH values "ferric hydroxide" is envisaged as an association 
of^FeCOH)^) and OH" ions in approximately equivalent proportions, 
forming a neutral, amorphous gel traversed by water-containing 
capillaries with cations still associated with water of solvation.

3.1.2 Formation of Magnetite in the presence of Ferric Oxide

It was reported that a mixture of iron and lepidocrocite 
in boiling, deaerated water gave magnetite and hydrogen much 
more rapidly than iron in boiling water alone (Schikorr, 1928),
In the presence of lepidocrocite it appeared that magnetite 
formed at least partly from ferric ions resulting from dissolution 
of lepidocrocite. Magnetite has also been precipitated directly 
by mixing deaerated ferrous and ferric salt solutions (having 

2+ %+a Fe :Fe^ ratio of 1:2) with sodium hydroxide solution
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(Kiyama, 1969). In this case magnetite can only have formed 
from ionic species;

n

Fê "*" + 2Fê "̂  + 80H“ = Fe^O^ + 4H2O 1.4a)
Kiyama also showed that magnetite forms where ferrous and 
ferric precipitates exist together in equilibrium with their 
respective ions. Ferrous hydroxide was precipitated from a 
strong hydroxide solution and allowed to settle as a white 
sediment. Ferric sulphate solution was then introduced above 
the sediment; brown, hydrated ferric oxide precipitated and 
settled. After 30 hours black magnetite appeared between the 
brown and white layers. Kiyama discounted the possibility of 
a solid-state reaction and proposed instead that ferrous 
hydroxide and ferric oxide set up equilibria with their ions;

FeCOH}^ #  (Fe^^OH)* + 0H“ 3*5
FeOOH + H^O #  (Fe^^^COH)^)'^ + OH" 3.6

magnetite then forms from ferrous and ferric ions;
(Fel^OH)* + 2(Fe^^^(0H)2)'^ + 30H" = Fe^O^ + 4H2O 1.4b

3.1.3 Reduction of Anhydrous and Hydrated Ferric Oxide.

The present work has already indicated that lepidocrocite 
in aqueous corrosion scales is unstable, even in aerated 
solution. Hematite (a-Fe^O,) scale on iron surfaces has 
also been shown to be unstable. It was found (Evans,.1930) 
to dissolve rapidly in hydrochloric or sulphuric acid, whereas 
isolated oxide remained unattacked. This indicated an electro
chemical reaction due to the cell Fe/Acid/Fe^O^. It was

proposed that iron dissolves anodically at cracks in the oxide;
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Fe = Fe^+ + 2e 1.1
while ferric ions at the surface of the scale are cathodically

oreduced;
+ 2e = 5.7

Evans (I960, citing Bevan (1948)) states that thin hematite 
films are sufficiently conductive to support a uniform current 
flow, while, in thicker films, flow occurs over the surface. 
Hematite is an n-type semiconducting oxide (Scully, 1975» 
p 41) containing oxygen lattice site vacancies; the lattice 
distortion associated with these was held to cause preferential 
dissolution from around these sites. The oxide dissolution 
rate fell sharply with time, but could be repeatedly restored 
by annealing at 1000°C, indicating that dissolution depends 
on the presence of surface lattice defects. An electric 
current-flow between iron and oxide was demonstrated (Evans 
& Pryor, 1930*11) which decreased with time in parallel with 
the dissolution rate. Chemical analysis indicated that only 
ferrous ions were entering the solution (Evans & Pryor, 1930, 
I). Dissolution took place both in the presence and absence 
of dissolved oxygen. The rate was independent both of acid 
radical species and of anionic concentration, but strongly 
dependent on pH and did not occur at pH values above 3*2.
It v/as proposed that ferric ions are reduced, while adsorbed 
hydrogen combines with lattice oxygen to give water (Pryor, 
1950) so that the overall cathodic reaction is

FegO_ + 6H'-' + 2e = 2^6^+ + 5.8
This electrochemical model v/as later developed and
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extended to the case of continuous formation of red rust 
(lepidocrocite) during atmospheric corrosion of steel in 
sulphur dioxide - polluted atmospheres.(Evans & Taylor, 1972).
It was shown that a layer of magnetite exists on rusting 
steel between the outer layer of lepidocrocite and the iron, 
with the scale permeated with atmospheric water. When, in 
addition, sulphur dioxide is present, a solution of ferrous 
sulphate (FeSO^) forms. It v/as proposed that the cell Fe/FeSO^ 
solution/y-FeOOH is set up and that the ferrous ions formed 
anodically diffuse through solution to the lepidocrocite, 
while the electrons flow to the lepidocrocite through the 
magnetite. Lepidocrocite is then cathodically reduced and 
magnetite is formed;

Fe^* + 8FeOOH + 2e = 3Fe^0^ + 4H^0 3*9
The magnetite, which is damp, is quickly reconverted by 
atmospheric oxygen to lepidocrocite;

3Fe^0^ + O.75O2 + 4.5H2O = 9FeOOH 3*10
Comparison of equations 3*9 and 3*10 shows that the re-oxidation 
of all magnetite produced by reduction results in gain of one 
molecule of lepidocrocite. These reactions are known as the 
"electrochemical cycle" and are held responsible for the gradual 
accumulation of lepidocrocite in atmospheric corrosion.

To summarise, it has been shown that both lepidocrocite 
and hematite can undergo cathodic reduction on an iron surface, 
under certain circumstances. In atmospheric rusting magnetite 
forms as a result of lepidocrocite reduction, while in neutral, 
aqueous solutions, magnetite formation has been shown to
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depend on the presence of both ferrous and ferric ions in 
solution. In the next section a further experimental study 
is reported of the behaviour of lepidocrocite and magnetite 
in aqueous corrosion.

5.2 Experimental Study of the Stability of Lepidocrocite

5.2.1 Introduction
It has been noted (Ch 3*3^ that, in scales formed on 

cast iron in aerated waters, there is a gradual accumulation 
of magnetite and a decrease in the proportion of lepidocrocite.
If these compounds undergo a cycle of reduction and reoxidation 
reactions in solution, as they do in atmospheric rusting, then 
a number of results would be expected. Firstly, deaeration 
of the water should prevent the reoxidation half of the cycle 
and cause the scale to revert entirely to magnetite. Secondly, 
current-flow should be detectable between iron and lepidocrocite. 
Thirdly, lepidocrocite which is electrically insulated from 
iron should be stable in deaerated water. In the following 
three sections an experimental study is reported of the behaviour 
of lepidocrocite from these standpoints.

5.2.2 The Stability of Lepidocrocite in Deaerated Natural Water

Two specimens of grey cast iron, prepared as in Ch 3, 
were allowed to corrode at 50°C in separate vessels under 3.0 
ppm dissolved oxygen. V/ater chemistry was similar to that 
detailed in Table 3.1. After 10 hours both specimens showed
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scales which were orange on the surface and black underneath. 
One specimen was extracted and dried. The X-ray spectrum 
of this scale showed strong magnetite lines with fainter 
lepidocrocite and green rust lines. The remaining specimen 
was retained in solution and the water deaerated to 0.03 PPni 
0^ over 30 minutes. During deaeration the orange scale 
turned black. After 12 hours deaeration the X-ray spectrum 
showed magnetite and green rust lines with only a trace of 
the (020) lepidocrocite reflection. Lepidocrocite, therefore, 
is almost entirely removed from the scale by deaeration, while 
magnetite appears to form. Although the scale was black 
immediately after deaeration it became reddish brown after 
10 minutes in air, suggesting reroxidation to ferric oxide.

Examination of scales before and after deaeration was 
carried out in a further series of experiments, in which the 
effects of aeration, deaeration and air exposure on the 
structure of the corrosion scale were studied. Results have 
been drawn schematically in Fig 5*1.

Two sets, of three specimens each, were allowed to corrode 
in separate vessels at 50°C. The level of dissolved oxygen 
in both vessels was raised to 18 ppm by passing oxygen gas.
One set of specimens (Set 1) was extracted and dried after 10 
minutes, the second (Set 2) after 110 minutes. Scales from 
both sets had orange surfaces but were black underneath.
X-ray analysis after 10 minutes’ corrosion showed strong green 
rust lines, faint and diffuse lepidocrocite lines and one 
very faint, diffuse magnetite line. After 110 minutes’
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Fig 5*1 Schematic Showing Changes in Composition of Aqueous 
Corrosion Scales on Cast Iron after Aerated and 
Deaerated Exposure at 50°C and Air Ageing at Room 
Temperature.



ÜJ
»UJis
O b O

œ
XoCN

isCÛüOo 
UJ 
C/)o ro

Q

LUcr
3
( / )o

< L Ü

• — \L/1 

<  ObO
k g

M

i l
UJ

LU
t
O  
O  
CM —  
O  !—  
O L U  
O Z
LU <  
_J ^

Q

. . _ ^ 5

y

OO O

. 5 °zosp:
O U J  LjJ c n < ^  

L U <0 $

<  gn-i
W U^OLU lu^^d:'

b >
o

g  g _
<  U î ü â . 6cr 6Mq̂lu< o x o o Z

h -
Lü
( / )

CM
û : °
L U S<:k3
§ 00
o
LD

^bO^lU
^  ôz  O b ) l j J O

i
LTi
'mw
‘d S ë S g

LU

O

LU
36
U1

Mo
CÛ

to
h :
LU
LU

10

g U i u m
U k o w
UJ3 0 H  
CL or eu L_

X O
O

OUI 
C M '- ' 

<  L-h-

w

Lu5
ooLU }—

LU

O xo

z
zo

LU CM 
( / )

0|U

i

LU
CM
3
( / )
O
û_
X
LU

X

<

O

cr
LU<LUQ

O
U )
O
Xcro
o

0LU1
LU<



corrosion strong lepidocrocite and green rust lines appeared, 

with faint, but sharp magnetite lines. Thus the proportion 

of lepidocrocite appears to increase here with corrosion 

time. Magnetite lines become sharper, suggesting an increase 

in magnetite grain size, which is consistent with the idea 
of precipitation from solution. The remaining two specimens 

of each set were immersed for 90 minutes in a single vessel, 

in water deaerated to 0.03 Ppm O^. On extraction all scales 
had turned black. One scale from each set was compared with 

a standard of commercial grade magnetite and variations in 

colour noted during air exposure. At first, both scales and 

magnetite standard were equally black. The scale formed by 
10 minutes’ corrosion turned brown after 30 seconds in air 
and orange after 20 hours. X-ray analysis immediately after 
extraction showed (Fig 3.1) strong green rust lines, weak 
lepidocrocite lines and weak magnetite lines. Deaeracion had 

increased the magnetite line intensity, but magnetite was 

seen to reoxidise rapidly on air exposure. Referring again 

to the colour change on air exposure, the scale formed by 

110 minutes’ corrosion and 90 minutes’ deaeration turned from 
black to brown much more slowly and remained predominantly 

black after 6 weeks in air. X-ray analysis at the start of 
air exposure showed only strong magnetite lines and weaker 
green rust lines. A series of analyses over 6 weeks showed 
that only a small amount of magnetite was reoxidised to 
lepidocrocite.

The stability of magnetite witli respect to air exposure
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thus increases with corrosion time. The effect of X-ray line 
sharpening suggests that the greater stability is associated 
with a larger grain size, but this may also be due to loss of 
hydroxyl groups on ageing, as discussed in Ch 5*1*1. In Set 
2, deaeration removed lepidocrocite and produced additional 
magnetite, with sharpening of the magnetite lines. It was 
also confirmed that green rust is the main product in alkaline 
water during initial stages (Ch. 3*3*2) and also that green 
rust appears to be unaffected by the interraction between 
magnetite and lepidocrocite.

5*2*3 The Stability of Lepidocrocite in Deaerated Pure Water

Although the precipitation rates of lepidocrocite and 
magnetite appear to be related, it is possible that the 
equilibrium between them is affected by the formation of green 
rust. It was shown in Ch 4*2 that green rust does not form 
in water with a pH below 6.6. Some experiments were therefore 
performed in water of pH 6.0, so that corrosion scales contained 
only lepidocrocite and magnetite. Water was distilled and 
de-ionised, then heated while being vigorously deaerated with 
nitrogen. At 50°C and 0.03 PPm 0^ the pH was measured and, 
where necessary, adjusted to 6.0 with dilute hydrochloric add.

Three cast iron specimens were immersed in this water 
for 110 minutes under a high oxygen level (18 ppm). On 
extraction. X-ray analysis showed lepidocrocite and magnetite, 
but no green rust. For SEM study, a specimen holder was 
made with two perpendicular reference lines, so that a specimen
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could be repeatedly inserted in the instrument in the same 
orientation. SEM study of one specimen at low magnification 
(Fig 5.2a) showed a pattern of discrete oxide outgrowths, 
apparently orientated in the water-flow direction. At 
higher magnification the outer structure of growths was resolved 
into needle-like lepidocrocite crystals (Figs 5*2 b and c) 
similar to those shown in Fig 3*10a. After SEM the specimen 
was carefully removed from the holder and the underside cleaned. 
The three specimens were then immersed for one hour in deaerated 
water of pH 6.0. On extraction and drying, all scales had 
turned black and X-ray analysis showed only magnetite. A 
specimen compared with the black magnetite standard remained 
black for 8 weeks and was therefore more stable than any previous 
magnetite sample.

The specimen originally studied by SEM v/as re-studied. In 
the six micrographs of Fig 5*2a) to f ) the effects of deaeration 
can be seen. Of the growths in Fig 5*2a only the bases remain 
and X-ray data indicates that these are magnetite. The 
lepidocrocite has evidently dissolved.

5.2.4 Evidence for a Solid-State Transformation between 
Lepidocrocite and Magnetite

In the present work a considerable amount of evidence has 
suggested that both lepidocrocite and magnetite form by 
precipitation from solution. The well-formed, distinctive 
morphologies shown by SEM (Ch 3.2.2) and the X-ray line sharpening 
in magnetite with increasing immersion time both support this
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view. By contrast, very little evidence has been seen by 

SEM of solid-state transformations between the two compounds.

In this section a further study of morphology is reported.

It was hoped that the morphologies of lepidocrocite and magnetite 

could be identified by colour by stereo-optical microscopy, 

then examined by SEM for similarity of form which would indicate 

a solid-state transformation. If strong evidence existed of 

similar morphologies, then a more rigorous study, by transmission 

electron microscopy, could be made.

A combined optical and SEM study was made of several 

scales containing both lepidocrocite and magnetite. In the 

optical study, growths were sketched to show their separate 

black and orange parts: the instrument had to be operated

at the limit of resolution where photography yielded poor 

results. Growths were then studied by SEM. After a short 

corrosion time (8 minutes at 8.0 ppm 0^) small, individual 

growths were observed, of which Fig 3*3 is typical. They 

consisted of needle-like lepidocrocite with large, black 

crystals in :he lower interior. These appear to be a very 

early stage of magnetite formation, but their size and shape 

would appear to preclude solid-state formation from needle-like 

FeOCH. After 70 minutes at 18 ppm 0^ massive magnetite 

occupied the entire base of some growths (about 0.1mm diameter). 

Fig 3.4a shows part of such a growth, detached from the iron 

surface and upturned to show the base. There is an outer 

orange shell and an inner black core, with an apparently 

uniform gap between them. These effects occurred widely over 

this specimen. The magnetite core appeared to have formed
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independently of the lepidocrocite shell, while the existence 

of a uniform gap suggests that magnetite might precipitate 

continuously on the outer core surface as lepidocrocite dissolves 

from the inner shell surface. A detailed study of the inner 

shell (Fig 3.4b) showed polygonal crystals adjacent to the 
needle-like lepidocrocite. If the polygonal crystals are 

magnetite they appear to have nucleated on the lepidocrocite 

and may therefore represent epitaxial growth.

In a specimen corroded for 20 minutes at 8.0 ppm 0^, 

mixed growths of black and orange crystals were shown by SEM 

to both have a needle-like morphology (Fig 3.3a). Polygonal 

magnetite appeared to form in needle-like clusters alongside 

lepidocrocite (Fig 3«5b). The retention of the original 

crystal shape in this manner is one of the distinctive features 

of topotaxy, but, unfortunately, these crystals are too small 

(about 0.3pm diameter) for their relationship to be resolved 

any more clearly by SEM.

To summarise, the results confirm that, in aerated water, 

lepidocrocite transforms principally by dissolution while 

magnetite forms principally by precipitation. Fig 3»4a suggests 

that large magnetite growths may build up due to the continuous 

dissolution of adjacent lepidocrocite. Both oxides occasionally 

occur together in a way which suggests a solid-state transformation 

A transmission electron diffraction study might confirm this.

3.2.3 Current-Flow in Lepidocrocite Reduction

Evans & Pryor (1930) demonstrated that dissolution of
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Fe^O^ scale on steel occurs as a result of cathodic reduction 
and they measured the current flow between metal and scale#
The cell used in this work consisted of three compartments#
One contained a sheet-iron anode, a second contained a powdered 
ferric oxide cathode supported on a mercury droplet, while 
these two compartments were separated by a third, which prevented 
mixing of anodic and cathodic solutions. (See "Corrosion and 
Oxidation of Metals" (I960); U.R. Evans; p 226)# Compartments 
were electrically connected by salt bridges. Mercury was 
chosen as a cathodic support mainly so that the relatively 
high hydrogen overpotential at its surface would prevent hydrogen 
evolution# None v/as observed experimentally#

A modification of this design was used in the present
work to measure current flow between cast iron and lepidocrocite
scale (Fig 5*6). The cast iron anode and the lepidocrocite-
magnetite-mercury cathode were suspended in a glass vessel
containing 1600 ml of deaerated water at 50^C# The anodic area

2was approximately 30 cm , while the cathode, being powdery, 
had a much larger area# Details of the cathode construction 
are shown# A 3 ml glass bottle was filled with distilled 
mercury to cover the external circuit connection and lepidocrocite 
scale was spread over the mercury surface. The scale was 
prepared on cast iron during 10 minutes in water of pH 6.0, 
under 18 ppm O^. The scale was found to contain only lepidocrocite 
and magnetite.

For the reduction experiment alkaline water (Table 3*1> 
column 2) was deaerated to 0.1 ppm dissolved oxygen# Measurements
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of current flow were first taken without scale on the mercury 
cathode. A current flow occurred, which decreased fairly 
rapidly. Readings were taken every 30 seconds for 6 minutes, 
after which time the current had become negligible. The cathode 
was then extracted, dried and held in air for 10 minutes, then 
re-inserted for a second set of readings. The procedure was 
repeated four times, all conditions being- held constant.
Results are shown in Fig 3*7* All the current-time curves 
were similar in form, with similar values for the initial 
current. During the 10 minute period following the fifth set 
of blank readings lepidocrocite scale was put onto the mercury 
surface. On immersion and completing the circuit, the initial 
current was significantly higher than before. It fell to an 
undetectable level after 2 hours (Fig 3,7). After 16 hours 
the brown scale appeared to contain a thin, blackish layer 
adjacent to the mercury surface. Unfortunately, scale could 
not be extracted without entraining mercury, so that X-ray 
analysis could not be used to confirm formation of magnetite. 
However, the increased current flow in the presence of 
lepidocrocite and the visual darkening after 16 hours suggest 
that some cathodic reduction to magnetite occurs, although 
the decrease in current indicates a high degree of polarization.

3.2.6 The Effect of Substrate on the Rate of Dissolution of 
Lepidocrocite.

Experiments were carried out to determine the extent of
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reduction of lepidocrocite on different substrates. Two 
specimens of lepidocrocite-magnetite scale were prepared as 
in the previous section. Tv/o similar cast iron pieces each 
had a recess drilled in the top face, 1 cm in diameter and 
0.5 cm deep (Fig 3*8). One piece was ground on all faces to 
a 300 pm finish, while the other was polished to a 6 pm finish. 
Both were degreased, cleaned and dried. Pieces from one specimen 
of scale were carefully transposed into the recesses on both 
iron pieces and also onto a clean glass dish of similar size 
(Fig 3.8). These three specimens, with the remainder of the 
as-grown scale, were placed together in 1600 ml of deaerated 
water at 30°C. After 10 minutes' immersion the as-formed scale 
on iron had turned black, while the three transposed scales 
remained orange. After 12 hours' immersion all specimens were 
extracted and quickly studied by stereo-optical microscopy.
The scales transposed onto cast iron had both turned mainly 
black, with only a few orange particles, while both iron 
surfaces were heavily etched. The scale on the glass surface 
remained orange. X-ray analysis of line intensities (Table 
3.1) shows that the lepidocrocite level in the scale on glass 
is slightly lower than in the original scale, indicating some 
reduction even on an inert substrate, whereas reduction v/as 
appreciable where contact existed with iron. However, reduction 
in a scale transposed onto iron is not as extensive as in an 
as-formed scale, indicating that degree of intimacy between 
iron and scale facilitates reduction.
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5.3 Discussion

3,3.1 General

The results of foregoing experiments show the widespread 
occurrence of dissolution and precipitation processes in the 
formation of aqueous corrosion scales. Deaeration of water 
causes lepidocrocite to dissolve and magnetite to precipitate, 
while the green rust which forms independently under alkaline 
conditions does not significantly affect these processes.
The stability of magnetite on subsequent exposure to air 
increases with increasing corrosion time, probably due in part 
to increasing grain size (Feitknecht) and in part to removal 
of hydroxyl from the magnetite structure. SEM study has 
indicated that, even in aerated water, lepidocrocite dissolves 
continuously and dissolution has been shown to be at least 
partly electrochemical. In the absence of an underlying iron 
surface the dissolution current falls away rapidly, indicating 
a high degree of polarization, and does not cause appreciable 
magnetite formation. In the presence of iron, by contrast, 
magnetite precipitates extensively. The possibility also exists 
of a crystallographic transformation between lepidocrocite 
and magnetite.

The work of Pryor demonstrated that hematite also dissolves 
readily on iron by cathodic reduction and that the reaction 
becomes highly polarized. In these respects hematite and 
lepidocrocite behave alike, but in other respects they do not. 
Dissolution of Fe^O^ occurs only at pH values below 3*2, while 
lepidocrocite dissolves in the pH range 6 to 8, while only from
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FeOOH dissolution does Fe^O^ appear to form, Pryor proposed 
that dissolution of hematite required, inter alia, adsorption 
of hydrogen ions to combine with lattice oxygen, but the 
presence of hydrogen in the FeOOH structure should preclude 
this requirement. This may explain why lepidocrocite dissolution 
is not restricted to acid solutions. Pryor noted that 
lepidocrocite is three times as soluble as hematite in acids.

If cathodic reduction to Fe^^ occurs in lepidocrocite 
then the structure may dissolve thus;

FeOOH + e + H^O = (Fe^^Onf + 20H“ 3.11
followed by hydrolysis of ferrous and oxygen ions. However, 
this does not explain the subsequent precipitation of magnetite, 
for which ferric ions are required. It seems more likely (as 
implied in equation 3*9 for electrochemical reduction of 
lepidocrocite in atmospheric rusting) that cathodic reduction 
breaks up the structure, causing dissolution of both ferrous 
and ferric ions, v/ith subsequent hydrolysis, perhaps according 
to

5FeOOH + + e = + (Fe^^OH)* + 60H"
5.12

It is not known what degree of ferric ion reduction is 
required to cause the structure to decompose. It has been 
noted, however, that magnetite does not form appreciably when 
lepidocrocite is physically isolated from the iron anode, 
indicating that insufficient (Fe^^Oh)^ is formed by decomposition 
to give magnetite. Close to the anode, however, sufficient 
FeOH ̂ ions probably occur by iron dissolution to give magnetite 
(equation. 1.4a). The iron thus provides electrons for 
reduction of lepidocrocite and FeOH ions for subsequent
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magnetite formation. Freshly formed magnetite contains hydroxyl 
ions (Ch 3*2.1)• The low concentration of these, together 
with the high solubility of iron in acid solutions, : may explain 
why magnetite did not form in the experiments of Evans & Pryor.

3.5.2 The Electrochemical Cycle in Aqueous Corrosion.

In the previous section it was proposed that lepidocrocite 
dissociates, in aqueous corrosion scale by partial cathodic 
reduction;

3FeOOH + 3H^0 + e = 4(Fe^^^(0H)^)'*' + (Fe^^OH)* + 6OH"
5*12

Additional (Fs ^^OH]^ ions arise from iron dissolution and 
hydrolysis;

Fe + OH" = FeOH* + 2e 2.3
Magnetite then forms;
(Fe^IoH)* + 2(Fe^^^(0H)g)'^ + JOH" = Fe,0^^ + 4HgO l./fb
The overall reduction reaction can thus be written 
lOFeOOH + OH" + Fe + (Fe^^On)* = 4Fe^0^ + SH^O 3*13
In the presence of oxygen this magnetite will be reoxidised 
to lepidocrocite;

4Fe^0^ + 0^ + GH^O = l2Fe00H 3*14
Equations 3*13 and 3*14 are analogous to the electrochemical 
cycle of lepidocrocite reduction and reoxidation (equations 
3.9 and 3*10) during atmospheric rusting. However, it should 
be noted that, in aqueous corrosion at the oxygen levels 
studied (3*0 ppm 0^) there is a gradual accumulation of magnetite, 
so that only a proportion of magnetite formed by reduction is
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reoxidised.
A model is described to illustrate the cycle of reactions 

in aerated, alkaline water. The situation during the first 
six hours at 3*0 ppm 0^ is considered (Ch 3*2.2) which is 
prior to formation of crust. The model is illustrated in 
Fig 3.9. During the first six hours a porous scale of magnetite 
and green rust exists, overlaid with lepidocrocite. This 
scale is assumed to be impregnated with water containing Cl", 
SO^^" and CO^^", so that two paths of high electrical 
conductivity, water and magnetite, connect the iron to the 
outer scale. The anodic reaction is iron dissolution, as in 
atmospheric rusting, followed by hydrolysis to FeOH* ions.
These diffuse outwards to the lepidocrocite, while the electrons 
pass through the magnetite to reduce two ferric ions in the 
lepidocrocite. Lepidocrocite then dissolves and magnetite 
precipitates. The extent of magnetite reoxidation has been 
seen to depend upon the oxygen level; at 3*0 PPm 0^ only partial 
reoxidation occurs. A crust forms over the scale after about 
6 hours at 3*0 ppm 0^, which is expected to reduce markedly 
the rate of ionic diffusion in and out of the scale (Fig 3*11)* 
However, the crust does not entirely cover the scale until 
about 35 hours, so that parts retain an open structure until 
this time. The electrochemical cycle probably ceases, however, 
after complete coverage by crust.

3.3*3 Thermodynamic Stabilities of Magnetite and Lepidocrocite 
in Aqueous Corrosion.

In.the overall reduction of lepidocrocite to magnetite,
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lOFeOOH + OH" + Fe + (Fe^^OH)* = 4Fe^0^ + 6H^0 3-13
the extent of reduction will depend upon the concentrations 
of FeOH* and OH", while, in the reoxidation of magnetite,

ifFe^O^ + O2 + 6H^0 = 12FeOOH 3*14
the extent of oxidation will depend on the dissolved oxygen 
level. In this section the relative stabilities of lepidocrocite 
and magnetite in scale are predicted using available thermodynamic 
data and are compared with experimental observations.

Thermodynamic data relating to 30^C are required. The 
standard free energies of formation (AG^^) and enthalpies of 
formation (A H^°) (at 23°C) for species in reactions 3*13 and 
3.14 are listed in Table 3*2. No value of AH^° is available 
for Y-FeOOH, so that this has been estimated from the A G^^ value 
of a-FeOOH by assuming that the ratio of AG^°:AH^° is the same 
as the ratio for a-FeOOH. At any temperature, T, AG^.^ and 
AH^^ are related to the standard entropy of formation, AS^^;

AG^° = AH^^ - TAS^^ 3*15
Calculated values of AS°^ for the species involved, at 23°C, 
are listed in Table 3*2. Unfortunately, no data are available 
for 30°C. However, it has been shown (Pimentai & Spratley,
1969) that only a small error is incurred if free energies of 
formation are calculated for 30°C on the assumption that AĤ jg. 
and AS^^ are the same at 23°C and 30^C. (For the great 
majority of chemical reactions the temperature variations of 
enthalpy and entropy are less than 1% over 23 centigrade 
degrees). Standard free energies of formation for 30°C are 
calculated from equation 3.I3, assuming values of AH^^ and
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AS°2 for 23°C. For the reduction of lepidocrocite, 
lOFeOOH + OH" + Fe. + (Fe^^OH)* = 4Fe^0^ + GH^O 3.13
the standard free energy change for the reaction, AG^®, at
30°C is calculated;

AG^° = -311.7 kJ mol"^
For the complete reoxidation of magnetite,

4Fe,0^ + Og + 6HgO = 12Fe00H- 5.14
A  G^° = -192 kJ mol"^

For reaction 3*13 the free energy change is given by 
AGr = AGj,° + 2.3ST log [Fe^Oj^[HgO]

[FeOOH] ̂ °[0HT [Fe] [Fe^^OH"^] 
Solid species and water are considered to be in standard states 
(ie, at unit activity) so that the equation becomes

AG^ = -311.7 ' 6.2 log [FeOH'̂ ] [0H~] 3.16
The concentration of FeOH* is not known, but the maximum 
value of [FeOH*] [OH"] (the solubility product of ferrous 
hydroxide) has been measured at 23°C, as noted in Ch 3*2.1;

s'l [FeOH"̂ ] [OH"] = 4 X 10“^° .mol^ l"^ 2.8
In the absence of experimental data at 30*̂ C the value given 
in equation 2.8 is substituted in equation 3*16 to give,

AG^ = (-311.7 - 6.2 log 4 X 10"1°) kJ mol"^
= -246.0 kJ mol 

The free energy change for reoxidation (equation 3*14) is 
A  Gj, = AGj.° + 2.3RT log [FeOOH] ______

[Fê0̂]H02]
= (-192.0 - 6.2 log |0g] ) kJ mol"^

The oxygen concentration is equivalent to the oxygen partial 
pressure in the solution,
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A  = (-192.0 - 6.2 log pO^) kJ mol"^ 3.17
Comparison of equations 3*16 and 3*17 shows that, under these 
conditions the reactions have the same free energy when

-6.2 log pO^ = (-246.0 + 192.0) kJ mol“^ _ , 3-18
from which

log pO^ = 8.7
.8and pO^ = 3 X 10 atmospheres

This, according to the electrochemical cycle model, is the 
theoretical oxygen pressure above which the reoxidation of 
magnetite becomes thermodynamically more favourable than the 
reduction of lepidocrocite. In practice, the level at which 
lepidocrocite ceases to form under present conditions is about
1.0 ppm 0^ (see Chapter 3*2.2). This discrepancy between 
observation and calculation will be even larger since magnetite 
only partially reoxidises, so that only a proportion of the 
calculated standard free energy change for reoxidation is 
involved in equation 3*l8. However, the calculated critical 
oxygen level is significantly changed by relatively small 
inaccuracies in thermodynamic data, since these are exponentially 
related: an error of 23 kJ mol”^ in the AG^^ values of both
reactions could cause the critical level to decrease by 
10^ atmospheres. The oxygen level will also be too high if 
the assumed level of FeOH * ions is too high.

Despite several possible sources of error, it appears 
that the present electrochemical model of a reduction and 
reoxidation cycle does not agree with observation. The reduction 
reaction 3*13 was proposed on the basis of experimental evidence
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(Ch 3.3 .1) and the reoxidation reaction 3.14 is thermodynamically 
feasible at ordinary oxygen pressures. Further, the present 

work has shown that lepidocrocite decomposes electrochemically.

It is possible, however, that available thermodynamic data are 

not adequate to describe the stability of lepidocrocite under 

the present conditions; as has been seen, the stability is 

critically affected by the proximity of ah iron surface. A 

more critical study of the quantities of lepidocrocite and 

magnetite formed over times at different oxygen levels may also 

help to elucidate the reactions involved. This and other 

suggestions for further study of the behaviour of lepidocrocite- 

magnetite scales are put forward in Chapter 7.

5.4 Conclusions

The relationship between lepidocrocite and magnetite in 

aqueous corrosion scales has been studied. It has been shown 

that lepidocrocite dissolves in deaerated water and that 

magnetite precipitation is associated with this. Lepidocrocite 

dissolution is at least partly electrochemical: a small amount

of direct dissolution appeared to occur in lepidocrocite on 

an inert glass substrate; however, appreciable dissolution 

requires the proximity of an iron surface and simultaneous 

formation of magnetite. This suggests that removal of ferric 

ions by precipitation of magnetite depolarizes and stimulates 

dissolution of lepidocrocite. It has been proposed that an 

electrochemical cycle of reactions occurs, involving cathodic 

reduction of lepidocrocite in the cell Fe/Cl" + 
solution/y-FeOOH, followed by magnetite precipitation, with
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a proportion of magnetite being reoxidised to lepidocrocite.
Using available thermodynamic data and assuming complete 
reoxidation of magnetite, the dissolved oxygen level has 
been predicted below which lepidocrocite is unstable relative

Qto magnetite. The level is about 10 times that observed in 
practice (1.0 ppm 0^). The predicted level varies significantly 
with small errors in the thermodynamic data but the model 
evidently does not agree with observation. The proportion of 
magnetite which is reoxidised needs to be measured experimentally, 
but this would appear to be difficult vd.th the present apparatus.

The tendency of lepidocrocite (and probably also goëthite) 
to be reduced to magnetite explains the predominance of 
magnetite in ferrous corrosion scales in most hot-water 
systems. Aerated corrosion usually forms a scale which has 
a surface of orange or brown (due to different proportions of 
a- and Y-FeOOH) but which is black underneath and throughout 
its depth.
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Fig 3*2 Sequence of Scanning Electron Micrographs showing 
Effects of Deaeration on Structure of Scale formed 
in Aerated Water (30°C; pH 6.0):

a) to c) Scale formed in Aerated Water; Lepidocrocite 
Outer Crystals; Magnetite underneath.

d) to f) Scale after Deaeration showing underlying 
.Magnetite.
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Fig 3*3 Growth of Lepidocrocite with Large Magnetite
Crystals at Base; SEM. (30^C; pH 6.0. 8 mins at
8.0 ppm 0^).
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Fig 3*4 Lepidocrocite and Magnetite: SEM: 30^C; pH 6.0;
70 mins at 18 ppm 0^.

a) Base of Scale Outgrowth; Massive Magnetite 
Core with outer Lepidocrocite Shell.

b) Detail of a). Polygonal, Magnetite-like 
Crystals adjacent to Lepidocrocite.
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Fig 3*5 Lepidocrocite and Magnetite; SEM; 30°C,pH 6.0;
2 0  min at 8.0 ppm 0^.

a) Adjacent Crystals of Lepidocrocite and Magnetite 
with Similar Morphologies.

b) Detail of a).





Fig 3*6 Cell for Demonstrating Reductive Dissolution of 
Lepidocrocite in Deaerated Water at 30°C,



- 5  MLCAST-IRON

ANODE

LEPIDO-
CROCITE

MERCURY

DEAERATED, ALKALINE o  

WATER: 50"C:

010 PPM O2

.1 5cm



Fig 5*7 Current Flow - Time Data for Reductive Dissolution 
of Lepidocrocite on Mercury in Water at 50°C,
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Fig 5*8 Apparatus for Study of Conversion of Lepidocrocite 
to Magnetite on Different Substrate Materials in 
Deaerated Water at ^0°C.
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Fig 5*9 Schematic of Electrochemical Cycle of Reactions
in Corrosion Scale (50^C; 3*0 PPm 0_; 1-6 Hours).
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TABLE 5.1

Reduction of Lepidocrocite on Different Substrates:
X-Ray Intensity Ratio of (020)Y-FeOOH in Scales reduced

(220) Fe^O^
on Cast Iron and Glass, compared with Ratio in Original Scale

Original
Scale
(10 min at 
18 ppm 0^)

Original Glass Cast Iron
Scale Surface Surface
Reduced

Intensity
Ratio
(020)r-Fe00H 
(220) Fe^^^ 0.55 No T-FeOOH 0.30 0.10

TABLE 3.2

Standard Free Energies of Formation (A  G°^) and Standard 

Enthalpies (AH^) at 23°C, for Chemical Species involved 

in Reaction 5*13 and 3.14 (National Bureau of Standards) 
with Calculated Standard Entropies of Formation at 23°C 

and Standard Free Energies of Formation at 30°C.

Species A G %  
(298°K) 
kJ mol"^

AH°^
(298°K)
k J mo 1 ^

AS^f
(298°K)
J mol  ̂k ^

Z\G°f
(323°K) 
kJ mol ^

(f c ^^Oh)"*’ -284.1 -325.0 -137.2 -280.7
-1,013.0 -1,122 -359.1 -1,006.0

Y-FeOOH -473.0 -530.9
(estimated)

-194.0 -468 .2

OH" -157.4 -230.4 -243.6 -131.7
H^O -237.7 -286.2 -I62.8 -233.7

AG^° =AH^ TAS^° A S ^° = A H j^ ° -  A G ^ °

T
3



CHAPTER 6

THE STRUCTURE OF CORROSION SCALES IN AERATED WATER

Introduction

The formation of crust-like shells and the growth of 
chimney-like columns were noted in scales at 3.0 ppm 0^ (Ch 
3.3.2) and have already been described in some detail. Crust 
was seen to form where the density of crystal growth became 
high enough for crystals to coalesce into a continuous 
structure. The fact that this only occurred at the outer edge 
of the scale indicates that reaction between ferrous ionic 
species and oxygen became restricted to this area. Subsequently, 
chimney structures grew out of the crust. Chimneys also had 
a hard; peripheral crust, with a powdery crystalline interior.
The corrosion rate decreased slowly but continuously over this 
period, although the overall appearance of the scale changed 
little after chimney formation.

Crust and chimney phenomena have also been observed in 
corroded circulation pumps and in dismantled steel pipework 
from central heating systems. An inspection of a largo number 
of used pumps showed that only a minority showed appreciable 
corrosion, but of those that did, most showed crust and 
chimney formation.

In this Chapter a detailed microstructural study of all 
these features is reported. A literature review is first 
presented, then experimental work is described. Possible
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mechanisms of chimney formation and associated corrosion 
reactions are discussed, while some aspects of long-term 
corrosion in hot-water pumps are considered,

6.1 Review of Literature

Work by Hedges _et al (1974) carried out in collaboration 
with the present work, showed that crust and chimneys formed 
on cast iron in well-oxygenated water over a range of oxygen 
levels, but only above a certain water flow-rate. These findings 
are in accord with those of the present work under 3*0 PPm O^* 
Crusted magnetite nodules with internal vents were also noted 
at 0.44 ppm 0^, although, at the intermediate level of 1.0 ppm 
Og, no crust or chimney features occurred, even after 80 hours.

Baylis (1926) reported hard shells on the scales of steel 
pipes carrying slightly alkaline water, shell growth being 
attributed to outward migration of ferrous ionic species.
The density of crystal growth appeared to increase to the point 
where inward diffusion of oxygen or hydroxyl ions from the 
mainstream could not maintain precipitation within the scale 
so that this became restricted to the outer edge, forming an 
impervious crust. Bayliss describes "tubercule" features 
growing out of the scale, which were undoubtedly akin to the 
"chimneys" of the present work. Butler & Ison (1958) reported 
"whiskers" of scale inside mild steel pipes carrying water of 
pH 8.8 at 36°C and 2.2 m s~^ (430 feet per minute). The 
whiskers grew perpendicular to the scale then curved into the 
flow direction; some reached 90 mm long. All were hollow and
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were shown by X-ray analysis to contain and a-FeCOH.

However, the relative distribution of constituents within the

whisker was not studied. In the absence of water flow,

hemispherical domes of oxide appeared instead of whiskers,
/

while in both cases the underlying metal became pitted. It 

was proposed that whiskers grow by diffusion of ferrous ions 

along the whisker core from pits, the ions being oxidised and 

precipitated at the tip by mainstream oxygen.

It appears that these features grow above a certain water 

flow-rate and are associated with pitting of the underlying 

iron or steel. The dynamics of growth appear to be dominated 

by diffusion of ferrous ionic species through the interior, 

with rapid oxidation and precipitation on contact with mainstream 

oxygen. However, it is not known why chimneys form on crust, 

nor what proportion of corrosion is due to chimney growth.

These points are investigated further in Chs 6.3 & 6.4.

6.2 Further Experimental Study of Scale Morphology

6.2.1. SSM Study of Crust Microstructure

A large number of scales showing crust were studied by 

SEM. Cross-sections of scale were prepared as described in 

Ch 3.3.2, care being talien to minimise disturbance of loose 

oxide. Most crusts exhibited one of two distinct morphologies 

in cross-section. The more widespread of these morphologies 

has already been shown (Fig 3.II). It had a well-defined grain 

structure, while a porous mass of magnetite crystals underneath
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were seen to become incorporated into the underside of the crust. 
Photographic tone differences suggest a higher conductivity in 
the crust than in the crystals lying above it; according to 
optical microscopy the latter are lepidocrocite. The crust 
appears, therefore, to consist of magnetite. The second type 
of crust exhibits cleavage-type fracture in cross-section (Fig 
6.1) and appears to consist of platelets of green rust. In a 
few cases crusts exhibited both magnetite and green rust 
morphologies.

6.2.2 Optical and SEM Study of Chimney Microst-^ucture

In Ch 3*3*2 a stereo-optical study of chimneys formed at 
3.0 ppm 0^ was reported. They first appeared after 10 hours’ 
corrosion as undulations in the crust. Examination suggests 
(Fig 6.2) that the space underneath undulations is partly 
empty, in contrast to the densely packed magnetite observed 
under flat crust, so that crust appears to have lifted clear 
of scale underneath. After 28 hours under 3*0 ppm 0^ a 
uniform array of chimneys had grown out of the scale. The 
crusted chimney walls were orange outside and black inside, 
while the powdery scale immediately inside the wall v/as also 
black. The chimney core, however, contained green rust.
Such a distribution of compounds within the chimney resembles 
that in the bulk of the scale, suggesting outward growth from 
the chimney centre. In later stages most chimneys developed 
a central vent from which gas bubbles emerged during corrosion.
In no case was a hard crust seen over chimney tips.. A study

-  132 -



of several cnii.meys, carefully removed from the scale, 

confirmed that a vent runs the entire length of the chimney.

6.3 Discussion

As shown in Fig 3.6 there is only a slight decrease in 
corrosion rate with time at 3.O ppm 0  ̂during crust and 

chimney formation. Crust is observed to distort and apparently 

to lift clear of underlying scale. This may occur either 

because the volume of scale formed within the crust causes 

buckling, or because scale formation continues at certain points 

underneath the crust, forcing it to lift and separate from 

underlying scale over a wider area. .This raises the question 

as to whether the formation of chimneys is the only mechanism 
by which corrosion continues after crust formation, or whether 

scale continues to precipitate under the crust. In an attempt 

to answer this question the proportion of chimneys in the 

scale was determined in the following cases; 25 h, 36 n, 49 h, 
and 72 h at 3.0 ppm C^. In each case all chimneys on the top 

face of the specimen were carefully snapped at their bases 

and tipped directly onto a weighing pan. The remainder of the 

scale on the top face was removed, separately weighed and the 

percentage weight of chimneys in the scale thus calculated.
The method is open to criticism in that it is difficult to 

decide, even under the microscope, where the base of a chimney 

occurs, since the structure merges gradually into the scale, 

respite this, the data show a constant proportion of chimneys 

between 23 and 333. Further, the weight-gain per unit area of
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"scale-without-chimneys" on top faces showed an increase of 
90% between 25 h and 72 h (Fig 6.3). It thus appears that 
scale continues forming underneath the crust even when 
chimney growth is established.

Crust and chimney formation can novf be described by a 
model - shown in the series of sketches in Fig 6.4* Crust forms 
over scale which is already densely packed. Pitting occurs 
on the underlying iron (Ch 3.3.2) and oxide may precipitate 
mainly over pits. In this respect it was noted that acidity 
appeared to develop within pits (Ch 3*4.2) causing some oxide 
dissolution. However, Fig 6.3 indicates that, overall, there 
is an increase in the weight of scale under the crust. 
Precipitation will exert local pressure on the crust, causing 
distortion and eventually rupture (Fig 6.4, a and b). Water 
from under the crust, containing ferrous ionic species, then 
mixes with oxygenated mainstream water and precipitates 
lepidocrocite or magnetite around the rupture (Fig 6.4)* As 
the processes continue, a mound or chimney of precipitate 
grows (Fig 6.4c). Scale forms continuously at the chimney 
mouth: . green rust appears at the centre, while lepidocrocite
and magnetite appear at the periphery, in the same sequence 
as in the bulk scale. In addition, a certain crystal density 
within the chimney leads to formation of an outer crust. Here, 
the outermost structure is lepidocrocite while the crust and 
loose scale immediately under it are magnetite, suggesting 
electrochemical reduction along the lines discussed in Chapter 
3*

The data of Fig 6.3 indicates precipitation of scale
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under the crust, while chimney formation indicates, at the 
same time, that ferrous ionic species are not completely 
oxidised within the scale. The oxygen level under the crust 
therefore appears to be low. The gas bubbles which emerge 
from the chimneys are probably hydrogen, so that corrosion 
under the crust is probably due to hydrogen ion reduction.
This is more likely if acidity develops in pits. Unsuccessful 
attempts were made to collect the gas for chromatography. If 
the gas is hydrogen, scale probably forms by a mechanism akin 
to the Schikorr reaction;

3Fe(0H)^ = Fe^O^ + 211̂ 0 + 1.7

6.4 Corrosion in Hot-Water Circulation Pumps

6.4.1 Introduction

Crust and chimney formation are very common on cast iron 
parts of circulation pumps, particularly on impellers, backing 
plates and the inside of pump casings (Fig 1.2). Several 
commercial models now have stainless steel impellers, which, 
although more expensive, do not corrode appreciably in hot 
water. Examples of chimney formation on different components 
are shown in Figs 6.5 to 6.7. (All components studied in 
this section came from different pumps and nothing is known 
of their service history).

6.4.2 Corrosion Scales on Impellers

A large number of impellers showing crust and chimneys
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were studied by stereo-optical microscopy. The striking 
feature v/as the range of colours in which crusts appeared: 
yellow-brown, orange, chocolate and grey occurred in varying 
shades, although the underlying scale was always black. X-ray 
powder diffraction analysis showed varying amounts of magnetite, 
lepidocrocite, goothite, calcium carbonate and traces of hematite. 
Thus, a dark chocolate-coloured scale contained magnetite, 
calcite and a little goethite; a lighter, sand-brown scale 
contained reflections of nearly equal intensity from goethite 
and lepidocrocite, with some magnetite; the light grey scale 
in Fig 6.5 contained only magnetite and calcite. The wide 
variation in colours thus appears to be caused by varying amounts 
of goethite (yellow-brown) lepidocrocite (orange-red) and 
calcite (white) co-deposited with magnetite. The fact that 
scales are black underneath the coloured crusts suggests 
electrochemical reduction of goethite or lepidocrocite to 
magnetite, as discussed in Chapter 5» However, no green rust 
compounds were detected in any pump scales.

The scale consisting of magnetite and calcite (Fig 6.5) 
was particularly hard and adherent. The co-deposition of 
calcium carbonate in scale has been seen to provide some 
protection against further corrosion (Butler & Ison, I960; 
McClanahan, 1969). In the present case (Fig 6.5) profuse 
chimney growth occurs, indicating corrosion underneath the crust. 
However, the protectiveness of carbonate scales is due to 
their preventing oxygen access to the metal; they probably would 
not prevent corrosion by hydrogen ion reduction underneath 
the scale.
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The carbonate deposit appears to be restricted to the 
outer crust and the chimneys of the scale. The distribution 
of carbonate in a cross-section of scale v/as studied by 
electron probe microanalysis (EPMA). By this technique 
microstructural features can be chemically analysed with respect 
to their constituent elements. An electron beam of 2 pm 
diameter at 100 kV is directed onto the feature under study 
and excites emission of characteristic X-rays of each element 
present. The. X-ray emission is analysed spectrometrically 
and elements identified from standard tables, while elemental 
concentration is proportional to emission intensity. 
Alternatively, the spectrometer can be set to admit only the 
characteristic v/avelength of a particular element; here the 
electron probe scans the area under-study and the distribution 
of the element over the area can be seen as a visual display.
In the present case the distribution of calcium over a cross- 
section of scale was studied. Several cross-sections were 
prepared by fracturing pieces of scale: a reasonably flat 
section v/as mounted metallographically. Analysis for calcuim 
was carried out in a JEOL JXA 5OA microanalyser. It was 
shown that calcium (and therefore carbonate) occurred only in 
the greyish outer crust.

The chimney structures of this and other impeller scales 
were studied by SEM (McGill, 1974). It was seen that, whereas 
chimneys formed in the present work consisted of a single 
outer crust, a porous interior and a central vent, chimneys 
from impellers showed several crusts, roughly concentric, but
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interconnected by a labyrinth of passageways (Fig 6.8) which 
were partly hollow and partly full of porous magnetite. It 
appeared that the process of crust formation had taken place 
repeatedly here and that vents or passageways were kept clear 
by passage of reactants or gas bubbles from beneath the scale.

6.4.3 Discussion

The internal structure of chimneys is more highly 
developed in impeller scales than in the present laboratory 
experiments, doubtless because of longer corrosion times. 
However, the fundamental forms of chimneys and scales are 
similar in both cases, so that the same formation process can 
be assumed. Both high water flow-rate and v/ell-defined local 
attack on the iron are associated with their formation.

The co-deposition of calcium carbonate in the outer crust 
can be explained in terms of the processes already discussed. 
Where scale forms by oxygen reduction calcium carbonate can 
co-deposit (Ch 3.4.2). It is proposed that a certain thickness 
of scale builds up in this way and then crusts over. Both 
corrosioA by oxygen reduction and carbonate deposition then 
cease. Corrosion continues under the crust, however, as noted 
in the present work, leading to chimney growth. If corrosion 
under the scale does not involve oxygen then carbonate will 
not precipitate. However, oxygen reduction is involved in 
chimney precipitation, so that chimneys do contain carbonate.
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Fig 6.1 Crust with Platelet Morphology (Assumed to be Green 
Rust) and Associated Magnetite; SEM; 50^C, 3«0 ppm

°2-

Fig 6.2 Initial Stage of Chimney Formation; Undulations in 
Crust showing Underlying Voids. SEM; 30°C, 3*0 
ppm 0^.



m



Fig 6.3 Unit Weight-Gain of Crusted Scale underneath
Chimneys with Increasing Corrosion Time; 3.0 ppm
Og, 5o°c.
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Fig 6.4 Stages in Formation of Chimney in Corrosion Scale
(Schematic; 50°C, 3*0 Ppm 0^).

a) Corrosion scale crusted over. Scale formation
continues under crust, probably over pits, causing 
crust to distort.

b) Rupture of distorted crust. Precipitation of 
lepidocrocite around rupture.

c) Build-up of precipitate around rupture.
Lepidocrocite on outside, magnetite formed by 
reduction inside. Crust forms in outer scale, 
but tip remains open.

d) Chimney grows under influence of water flow, the 
tip being kept clear of crust by flow of reactants 
and gas bubbles.
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Fig 6.3 Scale on Cast Iron Pump Impeller, showing Variable 
Thickness of Cross-Section*. Grey Top Surface 
Contains Calcium Carbonate. Chimney Growths show 
Influence of Water Flow. X3*





Fig 6.6 Scale on Cast Iron Backing Plate from Water Pump 
showing Chimney Features. Scale contains 
Lepidocrocite and Goethite. X3.





Fig 6.7 Chimney Growth inside Cast Iron Pump Casing. X3.
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Fig 6.8 Cross Section of Chimney from Cast Iron Impeller, 
showing Interconnected Crusts.
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CHAPTER 7

SUMMARY AND SUGGESTIONS FOR FUTURE WORK

The results of the present work are summarised in this 
Chapter with reference to.the original aims (which were outlined 
in Ch 1.3)• Some general conclusions are drawn and suggestions 
are also made for further v/ork.

It was first intended to study the rate of hydrogen 
evolution from grey cast iron under central heating conditions 
as a function of dissolved oxygen level and water chemistry, 
in an attempt to ascribe hydrogen formation to a particular 
reaction. Hydrogen evolution was also to be related to 
corrosion scale morphology, while the initial stages of scale 
formation were to be studied in more detail in small-scale, 
short-term studies.

Results from the model system at 75°C (Chapter 2) 
demonstrated that the rate of hydrogen evolution from grey cast 
iron rose quickly to a maximum then declined parabolically, 
eventually reaching a lov; level (2% of the maximum rate) 
indicating formation of a protective corrosive scale. 
Metallography showed a duplex scale, principally of magnetite, 
similar to that occurring on mild steel at 300°C during 
parabolic scale growth. Corrosion protection at 75°C was 
attributed to formation of a thin, compact, adherent inner 
scale. There was no noticeable effect on hydrogen evolution 
rate duo to copper, but, under conditions of lov/ oxygen level
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and appreciable iron dissolution (10~^ mol 1 the hydrogen 
evolution rate was stimulated by a rise in oxygen level.
The quantitative relationship between oxygen ingress and 
resulting hydrogen evolution could not be established, but 
it appears that hydrogen evolution accompanies the primary 
anodic dissolution of iron while oxygen converts dissolved 
iron to magnetite or green rust. However, a considerable 
amount of hydrogen also appears as a result of magnetite 
formation, possibly by a Schikorr-type mechanism (reaction 1.7).

Additional data could readily be obtained with this model 
system for comparison with the present results. In particular, 
the effects of controlled oxygen level, and of materials such 
as copper, .upon the rate of hydrogen evolution need to be 
studied quantitatively under low oxygen conditions.

The small-scale, short-term corrosion studies at 
proved, unfortunately, to have little relevance to the study of 
hydrogen evolution under central heating conditions at 75°C.
In the short-term, the two-layer scale formed at 75°C did not 
form and no hydrogen evolution was detected. However, the 
corrosimetric behaviour of grey cast iron v/as studied over a 
wide range (0 to 4.0 ppm) of dissolved oxygen levels, while 
some aspects of scale formation relevant to corrosion in hot 
water systems were studied in detail.

The corrosion rate of grey cast iron at 30°C was almost 
entirely dependent on dissolved oxygen level. A green rust 
type compound, which did not appear to have been reported 
previously, occurred in scales under neutral and alkaline
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conditions (pH range 6.6 to 10.1 at 50°C). The compound is 
stable over periods of several weeks. The crystal structure, 
oxidation behaviour and the conditions of its occurrence are 
similar to those of other green rusts. It occurs in solutions 
of most of the common water salts, at oxygen levels at least 
up to air-saturation, so that it should be widespread in 
systems containing alkaline water.

This green rust requires a good deal of further study.
The orientation relationship during crystallographic transformation 
to magnetite requires confirmation by tilting experiments in 
TEM, while the oxidation process should be studied in more 
detail, over a series of corrosion times in alkaline solution. 
Further structural investigation should be directed towards 
establishing the differences between this and other green rusts; 
in particular it is not clear how the different green rust 
structures, which have similar chemical compositions and only 
slightly varying internal structures, are produced by different 
solution conditions. In specific cases, chloride, .-sulphate and 
carbonate ions are responsible, while in others, lattice vacancies, 
hydroxyl groups, or water molecules at regular intervals in 
the lattice may give different stable structures (Lea). The 
present compound undergoes a change on air ageing at room 
temperature which may be due to water removal. It may be 
possible to study this further by temperature-programmed 
desorption (TPD; Cvetanovic & Amenomiya, 1972) in which the 
compound is heated, while gases evolved at different temperatures 
are removed for chromatographic analysis. Further chemical
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analysis is also required to establish the Fe^^:Fe^^^ ratio; 
in this respect the applicability of Mossbauer spectroscopy 
(used by Kiyama in the study of GRI and GRII) should be 
examined.

The scale formed 'ihuaerated water at 50^C contained 
substantial proportions of lepidocrocite and magnetite. However, 
it changed continuously in composition because lepidocrocite 
dissolved (at least partly by an electrochemical mechanism) 
while magnetite precipitated at the same time (Chapter 3)*
This phenomenon accounts for the large proportions of magnetite 
in corrosion scales on iron components in hot-water systems.
An electrochemical cycle of reduction and reoxidation reactions 
was proposed, similar to that put forv/ard for atmospheric 
rusting. However, the cyclic model does not adequately account 
for experimental observations. Further work is required to 
establish the extent of electrochemical decomposition of 
lepidocrocite and to determine the extent of magnetite reoxidation,

A study of scale formation, particularly at 3*0 ppm 0^ 
at 30°C (about 63% of air-saturation) showed a highly organised 
internal structure. The formation of hard crusts of oxide 
and "v/hisker" or "chimney" growths out of the scale, two features 
which are common in cast iron water pipes and circulating pumps, 
have been explained by this study (Chapter 6). The pattern of 
scale formation was markedly flow-dependent. Further work is 
required to identify the gas which is often observed bubbling 
out of the whiskers or chimneys during corrosion at 30^0. If, 
as seems probable, the gas is hydrogen, it would suggest that
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the Schikorr reaction occurs inside the crusted scale under 
these conditions.

Evidence has therefore been obtained that the Schikorr 
reaction occurs under central heating conditions at 73°C, 
while it is possible that it can be detected on a relatively 
small scale even at 30*̂ C. However, as already noted, further 
work is required to determine the effect of materials such 
as copper upon the reaction.

- 143 -



APPENDIX I

QUANTITATIVE X-RAY ANALYSIS BY THE INTERNAL 
STANDARD TECHNIQUE

The internal standard technique (Ch 3*1*4) utilises 
the principle that, for a crystalline compound in a mixture 
of crystalline compounds, the volume fraction of that compound 
is linearly related to the intensity of any X-ray line 
diffracted by the compound. The following proof is due to 
Azaroff (1967).

In X-ray powder diffraction from a crystal the intensity 
of a particular line reflection is related to the
incident beam intensity (Iq );

Ihkl = lo eJLp V A.1.1

C; experimental constant for all reflections in the 
spectrum.

j; multiplicity of the (hkl) planes.
p; linear absorption coefficient.
^hkl’ crystal structure factor.
V; total volume of diffracting material 
L^; Lorentz-polarization factor.
The quantity (Iq CL j)/u is constant for each (hkl)P

reflection obtained in the same way. The intensity ratio of 
two reflections, (h2k2l2)> arising from two phases,
thus depends only on the respective magnitudes of F and 
on the relative quantities of the two phases.
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In the present case the corrosion scale is a mixture of 
oxides A; B, C . . . in which the volume fraction of A(v^) is 
to be determined, A known amount of a standard (S) is added 
so that fractional volumes of A and S in the whole mixture 
are v^ and v^. Addition of S alters the value of u for the 
scale. The intensity of an hkl reflection is given by

Ia  = loC
vl

= \  f  A.1.2
VqSimilarly, Ig = - A.1.3

From equations A.1.2 and A.1.3,

= %
The quantity to be determined is the fractional volume

of A in the original oxide v^. If the total volume of oxide
and standard is and that of A alone is v' then

V
= vj a .1.5

and - V.p-Vg . A.1.6

Dividing equation A.1.3 by equation A.1.6,

A ''T
Since = Vg,

from which v^ = v^/l-Vg A. 1.8
Substituting equation A.1.4 in A.1.8

_ ^A
^ ■ K / l - v p  Is
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or = K A.1.9

where k' = KgVg/K^(l-v's) 
Thus the volume fractions of A and S in the mixture are related 
directly to the ratio of intensities diffracted from the two 
phases and are independent of p. This is true regardless of 
the composition of the scale since absorption of diffracted 
beams by the remainder of the scale applies equally to 
reflections from A and S.
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