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9.1 Economic Aspects of Corrosion

The Cost of Corrosion*

Deterioration as a result of corrosion is often accepted as an unavoidable
fact of life, and this has lead to a widespread lack of awareness of the impor-
tance of economic aspects of corrosion. Thus a detailed survey of corrosion
and protection in the UK revealed that only a limited number of firms were
sufficiently corrosion conscious to be able to estimate the costs of corrosion
to their own activities1. Many were unable to supply any information, the
cost of corrosion being hidden as, for example, general maintenance. For
this, and other reasons, calculation of the economic significance of corrosion
on a national scale is very difficult, and any figures for the annual cost to a
country cannot be precise. Estimates indicating the order of magnitude of
expenditure in relation to Gross National Product (GNP) are, however, of
interest in showing the economic significance of corrosion, and as a basis
for assessing possible savings that could be made.

Estimates were made by Uhlig2 in the USA. Worner3 in Australia, and
Vernon4 in the UK, in which the cost of protection and prevention were
added to the cost of deterioration due to corrosion. These early estimates
were made by individual scientists from cost information from new major
industries scaled up to a national level, and were of the order of 1-1.5% of
GNP. More detailed estimates were subsequently made by the Committee
on Corrosion and Protection (the Hoar Committee)1 in the UK, and Payer
etal.5 for the National Bureau of Standards in the USA. The later estimates
were around 3.5-4% of GNP, the higher figure reflected factors not covered
in the earlier surveys, which were, moreover, based on organisations which
had probably already taken action to minimise their corrosion costs. Esti-
mates have since been made for other European countries which tend to
confirm the higher figure.

The detailed surveys1'5 made 15 to 20 years ago led to greater awareness
of the significance of corrosion which undoubtedly lead to improvements,
particularly in some fields where the situation was poor. Thus, improved
protective systems and increased use of plastics in consumer items and

*Most costs quoted in this chapter are historical costs taken from the source indicated and
therefore relate to different times over a period of about 40 years. No attempt has been made
to correct for inflation, which could be misleading, as is discussed in the later part of the
chapter.



Industry or agency

Building and construction
Food
General engineering
Government depts. and agencies
Marine
Metal refining and semi-fabrication
Oil and chemical
Power
Transport
Water supply

Total

Estimated
cost
(£M)

250
40

110
55

280
15

180
60

350
25

1365

Estimated potential saving

(£M)

50
4

35
20
55
2

15
25

100
4

310

Expressed as % of
estimated cost

20
10
32
36
20
13
8

42
29
16

23

automobiles (together with more resistant materials for exhausts in the
latter) have lead to significant savings. Similarly, wider appreciation of
the benefits of shop priming, of galvanising and similar treatments, and
the value of high-build paints, have lead to major improvements in practices
for structural steelwork.

On the other hand, the Hoar Committee's estimate for the UK did not
include some significant factors, and some costs that were considered have
increased in real terms since the estimates were made. Larger plants and
structures are more common, and even when there is no increase in size
more intensive use of equipment is demanded. As a result, the real cost of
downtime or unavailability, and of dislocation to users of, for example,
motorway viaducts while repairs are made, have increased appreciably.
Moreover, maintenance and rectification are labour intensive activities, and
hence particularly susceptible to the effects of inflation. The increases prob-
ably outweigh the savings mentioned, and the current cost of corrosion in
the UK is probably around 4% of GNP. As future savings depend on the
improvement being maintained despite pressures to reduce first costs, a
sound economic approach to corrosion is no less important than it was in
1970.

The figure of 4% of GNP is probably reasonable for other developed
countries, although differences may exist because the mix of industries is not
the same—see the data in Table 9.1. Differences in climate, and the level of
industrial pollution etc. can be very significant. The cost of corrosion in
terms of GNP may well be higher in some less developed countries, although
it is probably less in the least developed countries.

The expenditure, and potential savings estimated by the UK Committee on
Corrosion1 for a variety of industries are shown in Table 9.1. The savings
shown are those which could be made by better use of available knowledge,
and do not include the potential benefit of future research and development.
The costs referred to are mainly those arising in the industries concerned,
or, in certain cases, sustained by users of the products because of the need
for protection, maintenance and replacement of the materials of construc-
tion. In the oil and chemical industries the costs of using corrosion resistant

Table 9.1 Expenditure and estimated potential savings in various industries in 1971



materials, where the conditions of service make this essential, were included
Indirect consequential losses, such as loss of goodwill, which in some indus-
tries can be very high, were not included.

At first sight these costs appear to be far too high to be attributable to cor-
rosion and it is worthwhile considering the indirect expenses which add so
considerably to the total.

Loss of Product/on

The repair or replacement of a corroded piece of equipment may cost rela-
tively little, but while the repair is being carried out a whole plant may shut
down for a day or more. In a small plant it may sometimes be more profit-
able to use a cheap material and replace it regularly than to use a more
expensive material with a longer life. In a large integrated factory, however,
maintenance work on one plant may cause loss of production from several
others. It then becomes essential to reduce periods when the plant
has to be shut down to a minimum. Thus the choice of materials may be dic-
tated by requirements beyond the individual units, and the higher cost of
corrosion resistant alloys justified in return for longer maintenance-free
periods. The replacement of a corroded boiler or condenser tube in a modern
power station capable of producing 500 MW could result in losses in excess
of £20000/h. Similar examples could be quoted for oil, chemical and other
industries.

Reduction of Efficiency

The accumulation of corrosion products can reduce the efficiency of operat-
ing plant. It has been estimated that the extra pumping costs due to clogging
of the interior of water pipes amounted to £17000000/year in the United
States6. Pipelines for conveying North Sea Gas are painted on the interior
to reduce the costs of pumping. Other examples of loss of efficiency are
the reduction of heat transfer through accumulated corrosion products and
the loss of critical dimensions within internal combustion engines. The cor-
rosion within internal combustion engines is caused by both the combustion
gases and their products and has been claimed to be more detrimental than
wear2.

Product Contamination

Some industries, notably the fine chemicals and parts of the food processing
industry, cannot tolerate the pick-up of even small quantities of metal ions
in their products. To avoid corrosion, plants often have to incorporate lined
pipework and reaction vessels, while in a slightly less demanding situation
whole plants are made of an appropriate grade of stainless steel. The capital
investment in these industries is thus considerably increased due to the
necessity to avoid corrosion.



Corrosion that would otherwise be trivial can result in staining or dis-
coloration of product and cause serious losses; it may be some time before
the cause is finally identified.

Maintenance of Standby Plant and Equipment

Regular shutdowns cannot be tolerated in large integrated factories and
replacement sections of plant have to be maintained in readiness to operate
when corrosion failure occurs. This method of dealing with corrosion can
lead to a considerable increase in capital investment.

General Losses

The indirect consequential losses resulting from corrosion are less amenable
to calculation but may well outweigh the direct costs. The unpredictable
failure of critical parts of industrial equipment, aircraft or other means of
transport can cause accidents costing both lives and money. The cost in
human life and suffering cannot be assessed but the material damage alone
probably amounts to many millions of pounds annually. The degree of cor-
rosion involved may be very slight, such as pitting penetration of a washer
or a tube, but the ramifications are large. Surface oxidation of an electrical
contact has caused the failure of expensive and sophisticated equipment}.
Thus the cost of corrosion can be, and often is, many orders of magnitude
higher than the value of the material reacted.

Costs Associated with Design

Corrosion decisions are only one part of the engineering design process,
and it is important that these and related decisions do not cause undue
delay7. Delay can seriously damage the profitability of the project by
increasing interest charges before any income from production; it may also
mean that a market opportunity is lost. These effects are on the whole pro-
ject: a delay associated with a corrosion decision can lead to costs much
greater than those directly associated with corrosion.

The overall design process depends on the use of codes of practice and
specifications, and to an increasing extent on computer-based techniques.
The potential cost of delay is therefore a strong incentive to the use of 'stan-
dard' solutions, compatible with the codes of practice7, and to develop
ways of using the computer to provide corrosion information and know-
ledge8, or to improve prediction of corrosion behaviour9. Note that both
points relate to the use of existing knowledge, in the sense of an important
conclusion of the Hoar Report1.

The difficulty of predicting corrosion behaviour in a complex situation,
and of determining what changes in conditions are likely during the required
life of an item, makes deliberate overdesign a common approach. An alloy
or protective system more resistant than is actually required may be used,
or thicker sections than needed for mechanical reasons adopted, giving a



'corrosion allowance'. A corrosion allowance can be cheaper than a more
resistant alternative, and other forms of overdesign may be justifiable in
comparison with the cost of proving a cheaper solution. Overdesign is
not, therefore, necessarily unsound in economic terms, but its cost may be
hidden, and can be much greater than is realised. If a new plant is basically
similar to a previous one, in which a given alloy has given no problems, the
same alloy is often chosen almost without thought. However, the original
selection might have been overconservative, deliberately or otherwise, or the
conditions may actually be less severe than were assumed in the first plant.
The costs of such hidden overdesign can be large; an unnecessarily expensive
alloy could increase first cost by almost an order of magnitude.

Costs Associated with Novel Solutions

Accepted solutions are usually covered by specifications and codes of prac-
tice. These documents are important for three reasons: they form part of
the contract; they define methods of design and fabrication proven by experi-
ence; and they act as a means of communication between the parties involved
in design, fabrication, construction and inspection. There is a strong incen-
tive to use 'standard' solutions as unexpected problems or misunderstandings
are less likely to occur than if a novel solution is attempted; such problems
lead to the cost of rectification, but the delay that they cause is usually more
important12. Consequently project managers are often reluctant to be the
first to use a novel solution.

This does not, of course, mean that improvements should not be
attempted. It is important, however, that corrosion scientists and tech-
nologists appreciate that significant 'hidden' costs may arise when a novel
solution is considered. A considerable effort is needed to ensure that the
information needed by the design engineer is available when it is needed,
and that all the parties concerned understand what is required. The
documentation needed can be large, and requires an input from a number
of disciplines; even when it has been produced, much more effort from
experienced staff is likely to be needed than if a 'standard' solution were
used.

Savings

The national costs associated with corrosion have been described in terms of
the industries concerned, and the ways in which this expenditure can arise.
A major interest is in the extent to which this substantial cost can be reduced,
and how this can be attempted.

Table 9.1 includes estimates of potential savings published in 1971. The
variations in the ratio of savings to costs are in part due to differences in the
extent to which severely corrosive environments are characteristic of the
industry concerned. However, the differences also reflect the uneven level
of corrosion awareness when the estimates were made1, and as significant
improvements in practices have occurred, the detailed figures do not entirely
represent the current situation. For example, corrosion of cars is now a much
smaller problem than it was in 1970. The automobile industry is also an



example where the main savings have been made by customers rather than
within the industry. The improvement is largely due to widespread recogni-
tion that corrosion is avoidable, resulting in pressure from outside the
industry; customers recognise that it is sensible to accept higher first cost for
a product with lower maintenance cost and higher resale value. Corrosion
protection has become a feature of manufacturers' competition.

The improvements made have been real but, as has been pointed out, some
costs not directly associated with deterioration of metal have increased. The
potential savings are substantial, and are not confined to industries where
corrosion is an obvious problem. In the larger chemical and oil companies
corrosion and protection are the responsibility of 'materials engineering'
sections, which include specialists in other materials problems as well as in
corrosion. These sections are part of the overall engineering organisation,
which makes possible the multidisciplinary approach needed to ensure that
corrosion advice takes account of other materials aspects, the design
methods used in the company, and economic factors. In businesses where
general materials problems do not justify a specialist section, corrosion
problems are necessarily dealt with on a part time basis by staff of other
engineering or scientific backgrounds. External corrosion consultants or
advisory services can be a valuable additional resource.

In general, decisions about corrosion and protection are part of wider
engineering decisions, and the overall responsibility lies with management,
e.g. with a project or maintenance manager, who has at best limited know-
ledge of corrosion. It is vital, therefore, that corrosion specialists under-
stand how to provide advice in such a way that the manager can understand
the significance and be able to act on it10. While any engineering decision
depends on technical factors, choices between alternatives, and the decision
whether a project will proceed, are made on economic grounds. However
sound technically, advice from a corrosion specialist is only likely to be
accepted willingly by the manager if it includes economic factors. It is also
essential that corrosion advice takes account of the design procedures being
used, aspects such as fabrication or availability, and that it does not cause
unacceptable delay.

Assessment of Economic Factors

While almost any corrosion problem can be solved or avoided, it is vitally
important from a commercial point of view that the economics of corrosion
prevention are taken into account. This necessitates evaluation of initial
protection costs together with maintenance charges throughout service life.
This is very important when alternative protection schemes are available and
will often reveal that an initial 'cheap' scheme can in reality prove to be very
expensive.

The cost of protection of steelwork in a mild industrial atmosphere has
been compared for a number of protection schemes11 and the relevant data
are shown in Table 9.2. The difference in aggregate costs illustrates the
importance of considering protection on a whole life rather than on an initial
cost basis; particularly when maintenance involves a labour intensive opera-
tion such as painting.



Table 9.2 Comparative schemes for protecting steelwork (27-4 m2/t)

Protective scheme

1. Auto grit blast, hot
galvanise (0-20 mm)

2. Pickle, galvanise
(O- 10 mm), 2 coats of
paint (one on site)

3. Pickle, galvanise
(O -10 mm)

4. Wire-brush, 3 coats
of paint (two on site)

5. Auto grit blast,
4 coats of paint (two
on site)

Initial
cost
(£/t)

29-5

35-0

22-0

23-9

35-2

Maintenance scheme

None

Brushdown, spot prime,
1 top coat — after 12
years
Brushdown, prime, 1 top
coat — after 12 years
Brushdown, spot prime,
2 top coats — 4 year
intervals
Brushdown, spot prime,
1 top coat — 8 year
intervals

Cost of each
maintenance

(£/t)

13-7

17-1

20-2

12-4

Aggregate
cost over
24 years

(£/t)

29-5

48-7

39-1

124-9

60-0

Expenditure on corrosion prevention is an investment and appropriate
accountancy techniques should be used to assess the true cost of any scheme.
The main methods used to appraise investment projects are payback, annual
rate of return and discounted cash flow (DCF). The last mentioned is the
most appropriate technique since it is based on the principle that money has
a time value. This means that a given sum of money available now is worth
more than an equivalent sum at some future data, the difference in value
depending on the rate of interest earned (discount rate) and the time interval.
A full description of DCF12'13 is beyond the scope of this section, but this
method of accounting can make a periodic maintenance scheme more attrac-
tive than if the time value of money were not considered. The concept is
illustrated in general terms by considering a sum of money P invested at an

C r>
interest rate of r% per annum that will have the value P l H after

L 10OJ
n years. Therefore the net present value (NPV) of a sum of money to be spent
in the future is reduced by the interest the money can earn until the expen-
diture is required, hence

N P V = " .

I1+ISiJ

A consideration of the costs of the protective Schemes 1 and 3 given in
Table 9.2 indicates that the latter is significantly more expensive than the
former, and it is of interest, therefore, to apply the concept of the time value
of money to these two schemes for 1 1 of steel processed.

1 . In Scheme 1 the company will spend £29.50 immediately, but will incur
no further expense.

2. In Scheme 3 it will spend £22.00 immediately, and can invest the money
saved -£29.50 - £22.00 = £7.50 at, say, 8% for 12 years, which will yield
approximately £18.90. It will then have to spend £17.10 on painting, but



even so there will be a bonus at the end of 12 years of £18-90 — £17-10 =
£1 -80 as compared to Scheme 1.

3. Alternatively, for Scheme 3, in order to have £17-10 in 12 years time
the company need invest only £6-79 immediately so that the total outlay
will be £22 + £6-79 = £28-79, which again is a lower outlay than that for
Scheme 1.

Thus it can be seen that although the aggregate cost indicates Scheme 1 to
be the cheaper, it is the more expensive when account is taken of the time
value of money.

Inflation

Inflation increases costs arising in the future; this can make an alternative
which is more expensive initially, but has lower maintenance costs, more
attractive. In effect, it reduces the effective interest rate in a DCF calculation.
This can be taken into account by using a variation of the above equation.
If the annual inflation rate is /%, then

NPV = P ( 1 + / / 1 0 0 ) < >

^ ( l + r / l O O ) "

This equation should be used with care. Inflation rates can change sub-
stantially, and are difficult to predict over a long period; when assumptions
can cause serious errors. Moreover, the effect of inflation on different items
may not be the same; for example, labour intensive activities generally have
a higher inflation rate than the cost of materials. It may, therefore, be mis-
leading to use a single inflation rate for all the costs in a calculation, whereas
a single interest rate is usually valid.

Technological changes or changes in production volume reflecting the
popularity of an alloy or protective treatment as confidence is gained in its
use may reduce, or even reverse, the effect of inflation on some costs. In com-
bination with inflation, these factors can greatly alter the economic order of
merit of possible solutions over even a short period. Consequently, decisions
should always be based on up-to-date information, and past comparisons of
alternatives regarded with some suspicion.

Types of Assessment

Most examples of economic assessments in the corrosion literature are
comparisons of similar artefacts in different materials, or of different pro-
tective schemes on the same artefact. The assessments in which a corrosion
specialist is directly involved are usually of this type. The items concerned
are well defined so that reliable costs can be sought, e.g. by quotations.

A recent NACE publication devoted entirely to the economic aspects of
corrosion control contains several worked examples applicable to a number
of industries14. These examples serve to illustrate that anti-corrosion pro-
cedure and materials should be selected on economic grounds, and not
solely on performance grounds. In presenting a proposal to management,



the corrosion technologist should show that a thorough investigation of
possible solutions has been made in terms of both equipment and expense,
and highlight the solution offering the greatest economic advantage to the
company15.

Corrosion can, however, be a factor in another type of assessment, which
is arguably more important. It could influence important decisions about the
whole project, taken at an early stage in the overall design process, which are
concerned with the fundamental basis of the project rather than with corro-
sion aspects directly. In a major project, feasibility assessments in the initial
stages are used to decide between possible alternatives, later effort being con-
centrated on one or two preferred options. If corrosion considerations are
relevant they can influence the economics of the project as a whole, and have
a much larger effect than in the first type of assessment.

For example, in the oil and chemical industries, the choice between possi-
ble processes may depend, in part, on the range of conditions which possible
alloys can withstand. A more resistant alloy could allow conditions which
are more severe but which permit greater efficiency in the chemical process,
allowing the size of the equipment to be reduced. The cost of the plant could
thus be reduced by using an alloy which is much more expensive on a weight-
for-weight basis. Alternatively a more resistant alloy might permit greater
operating flexibility, or eliminate the need for control systems to ensure that
operating conditions remain within the limits a cheaper alloy can withstand.
Analogous situations can arise in other fields. The choice of materials, or
protective systems, is a factor in the decision whether a bridge should be in
steel or concrete, and between basic types of steel bridges.

Assessments of this type often involve comparison of artefacts which are
substantially different, but which will serve the same purpose. The items con-
cerned are not well defined, and the costs will not be incurred for some time;
accurate costing is difficult. A multidisciplinary approach is necessary, and
a large design organisation will normally have specialist estimating sections
possessing data based on recent purchases. Feasibility estimates cause more
problems in smaller organisations, and quotations may have to be sought
from potential suppliers.

S. ORMAN
J. G. HINES
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9.2 Corrosion Control in

Chemical and Petrochemical Plant

Corrosion control in chemical and petrochemical plant is exercised in five
distinct phases (Fig. 9.1) through the life of the plant, as follows:

1. Plant and process design, where the materials of construction, equip-
ment design, process conditions and recommended operating practice
can all be influenced to minimise the risk of corrosion. This is the most
important phase.

In large companies an internal project team may design the plant,
otherwise contractors provide the design. In either case, the corrosion
engineer must be involved from the inception of the project. Otherwise,
the materials of construction will have to be chosen to satisfy process

Plant and process
design

Equipment fabrication
checks

Construction stage
checks

Planned
maintenance Corrosion monitoring

Remedial action

Diagnostic
work

Fig. 9.1 Phases of corrosion control in chemical plant



conditions which may have been decided upon without consideration
of the economic balance between process efficiency and capital cost of
the plant. The importance of a continuing dialogue between the corro-
sion engineer and the other disciplines in the project team cannot be
emphasised too strongly.

Contractor designs will be in the context of a competitive bidding
situation and in-company checks of the design should cover not only
design errors but also cases where calculated risks have been taken,
which may not, however, be acceptable to the operating company.

The effort required to specify the materials schedule for a new plant
or to check a design very much depends on how much experience there
is of similar or identical units in operation. Factors such as process con-
ditions and raw material sources are taken into consideration before
extrapolating the experience of another unit.

2. Fabrication of the equipment for the plant and plant construction.
An inspection system to ensure that fabricators are working to design
codes and that their quality-control systems are operating effectively,
is of considerable value. At the construction stage, checks are made
for materials correctly specified but wrongly supplied, on-site welding
quality, heat treatments carried out as specified and for damage to
equipment especially where vessels have been lined.

When specifying equipment to fabricators, it should be remem-
bered that equipment may well lie exposed on-site before erection and
temporary corrosion protective measures should be considered. Any
equipment precommissioning treatments specified by the design, e.g.
descaling, must be carried out.

Such points of detail can make for a smooth start-up and minimum
trouble during the early operational period of a new plant.

3. Planned maintenance or regular replacement of plant equipment to
avoid failure by corrosion, etc. is an essential adjunct to design, and
constitutes the third phase of control. The design philosophy deter-
mines the emphasis placed on controlling corrosion by this means, as
opposed to spending additional capital at the construction stage to
prevent corrosion taking place at all. Where maintenance labour costs
are high or spares may be difficult to procure, a policy of relying heavily
on planned maintenance should be avoided.

4. Even with all these checks on design, fabrication and construction,
errors are made which, with maloperation and changes in process con-
ditions during the lifetime of the plant, can all lead to corrosion, The
fourth phase of control therefore lies in monitoring the plant for corro-
sion in critical areas. Corrosion monitors should be regarded as part of
plant instrumentation and located in areas of high corrosion risk or
where corrosion damage could be particularly hazardous or costly.
Monitoring should include a schedule of inspections once the plant is
commissioned.

5. Corrosion monitors by themselves only warn of corrosion and must be
coupled with the fifth phase of control, viz. remedial action, to be effec-
tive. In some cases of corrosion the remedial measure is known or easily
deduced, but in others diagnostic work has to precede a decision on
remedial action.



Fig. 9.2 Factors influencing plant and process design

Design Philosophy

The chemical and petrochemical industries are highly capital intensive and
this has two important implications for the plant designer. Before the expen-
diture for any plant is approved, a discounted cash flow (DCF) return on
capital invested is projected (Section 9.1). The capital cost of the plant is a
key factor in deciding whether the DCF return is above or below the cut-off
value used by a company to judge the viability of projects. Thus, there is
always strong pressure on the materials engineer not to 'overspecify' the
materials of construction.

Conversely, however, the cost of downtime can be very high and this
creates a 'minimum risk' philosophy which runs contrary to the capital cost
factor. The balance between these two forces has to be clearly stated to
allow the materials engineer to operate effectively.

The choice of material from the viewpoint of mechanical properties must
be based on design conditions. However, from a corrosion standpoint it
must be realised that the design conditions are limiting values and that for
most of its life the equipment will operate under 'process conditions'. For the
decision on the requisite corrosion-resistance properties it is necessary to
examine, by means of an operability study, how far process conditions may
deviate from the normal and how often and for how long. The operability
study is carried out using a line diagram for the projected plant.

Phase One — Plant and Process Design

The factors influencing the final choice of design are summarised in Fig. 9.2.

Equipment and
process data
specifications

Design
philosophy

Data from similar
or identical plant

Materials data
from manufacturers

Economic and political
considerations

PLANT and PROCESS
DESIGN

Established corrosion
design data

New materials and
equipment design

Data developed from
corrosion testing



The design life of the plant has to be stated so that corrosion allowances
may be calculated:

Corrosion allowance = Design life x Expected annual corrosion rate

This calculation assumes, of course, that corrosion is uniform. Finally,
implicit in the design will be boundary conditions on the way the plant can
be run, outside of which the risk of corrosion is high. These should be clearly
set out in the operating manual for the plant.

Influence of Process Variables

The rate of a chemical reaction is influenced by pressure, temperature, con-
centration of reactants, kinetic factors such as agitation, and the presence
of a catalyst. Since the viability of a plant depends not only on reaction
efficiencies but also on the capital cost factor and the cost of maintenance,
it may be more economic to alter a process variable in order that a less
expensive material of construction can be used. The flexibility which the
process designer has in this respect depends on how sensitive the reaction
efficiency is to a change in the variable of concern to the materials engineer.

Where, for example, chloride stress-corrosion cracking is a risk the pro-
cess temperature becomes a critical variable. Thus it may be more economic
to lower the process temperature to below 7O0C, a practical threshold for
chloride stress-corrosion cracking, than to incur the extra expense of using
stress-corrosion cracking-resistant materials of construction.

Pressure has less influence on corrosion rates than temperature in most
cases of aqueous corrosion, although it has a large effect on some forms of
gaseous corrosion at high temperatures, e.g. hydrogen attack1. However,
impingement attack is influenced by pressure in specific instances. Thus,
when a gas is dissolved under pressure, and the pressure is reduced (let-down)
gas bubbles are released which can contribute significantly to impingement
attack if released into a high velocity stream. Pressure let-down in such cases
should take place where the velocity of the liquid stream is low.

An example where reactant concentration is solely governed by corro-
sion considerations is in the production of concentrated nitric acid by
dehydration of weak nitric acid with concentrated sulphuric acid. The ratio
of HNO3: H2 SO4 acid feeds is determined by the need to keep the waste
sulphuric acid at > 10% w/w at which concentrations it can be transported
in cast-iron pipes and stored after cooling in carbon-steel tanks.

Equipment Design

A recent survey by du Pont on all failures in their metallic piping and equip-
ment taking place during a 4-year period showed corrosion accounting for
55% of total failures. Table 9.3 lists the major causes of corrosion failure
in this wide ranging survey.

For this one company stress-corrosion cracking alone cost £2M annually
and the corresponding figure for the US chemical industry was £13M3.

Some general points can be made about equipment design in connection
with the more important types of corrosion.



Table 9.3 Corrosion failures analysed by type (after du Pont (1968 to 1971))

Type of corrosion

General
Stress-corrosion cracking
Pitting
Intergranular
Erosion/corrosion
Weld corrosion

Failure rate
(average %)

15-2
13-1
7-9
5-9
3-8
2-5

All other types < 1 %

General corrosion If the rate of general corrosion of a particular material
in a duty is well enough characterised at the design stage, then the designer
can, in some instances, use a corrodible material of construction with a
suitable corrosion allowance. There are limitations to this approach. Thus,
while a corrosion allowance of 6 mm on the shell of an exchanger is common
practice, to make this allowance on the tube wall thickness is not practical
and either a more resistant tubing material is used, or planned retubing of
the unit is accepted as part of the design. This may mean carrying a spare
installed exchanger or a spare tube bundle. Overall economics dictate the
course to be taken.

Non-resistant material
specification

Resistant material
specification,
eg type 316 stainless steele.g carbon steel

Stream A

e.g. type 316 stainless steel
Streams A-B are non-corrosive

Corrosive
e.g. carbon steel

Stream B

Key:

Isolation valve

Non-return valve

e.g. carbon steel eg. type 3I6 stainless steel

e.g. type 316 stainless steel

eg. carbon steel

Fig. 9.3 Incorrect (a) and correct (b) designs where there is a sharp change in corrosivity



Corrosion with the formation of insoluble corrosion products may be
unacceptable where heat-transfer equipment is concerned. Fouling by corro-
sion products has to be allowed for when sizing the equipment and the extra
cost of using resistant material may not be as great as the increased cost of
a larger exchanger in the less resistant material plus the cost of downtime to
clean fouled surfaces.

Product purity specifications determine how much soluble corrosion pro-
duct can be tolerated.

In many plants, one section of a process will be relatively non-corrosive,
allowing cheap materials of construction to be used, while the following
section will be very corrosive, necessitating more corrosion-resistant mate-
rials. The interface between the two sections has to be carefully designed to
avoid corrosion in the first section at a shutdown when there may be some
backflow from the corrosive section. Figures 9.3a and 9.3b show an incor-
rect and a correct design, respectively. The basic principle here is that a non-
return valve should not be used as a means of isolating a section of the
plant. Obviously, in this case, the operating manual should include instruc-
tions to close the valves K1 and V2 if the flow is stopped for any length of
time.

A common case where intense general corrosion is experienced in a very
restricted section of plant is where an acidic vapour is condensing. As a
vapour the acid is usually non-corrosive, but when condensed it can only be
handled in expensive materials. Another variation on this theme is that only
at the region of initial condensation is there a corrosion problem, either the
condense/reboil condition being particularly corrosive or else corrosion only
takes place at or near the boiling point. Several variations in design are possi-
ble to cope with these situations:

1. Where the acid condensate is corrosive, neutralisers, e.g. ammonia or
neutralising amines, can be injected into the vapour stream to co-
condense with the acid vapour. This is the practice with the overheads
of a crude oil pipestill (Fig. 9.4).

2. Where the corrosion problem is limited to the condense/reboil situa-
tion, i.e. where, due to variations in vapour temperature (or tempera-
tures of the surfaces with which the condensate can come into contact),
the condensate reboils, the answer may be to use resistant material at

Overheads condenser
(carbon steel)

Carbon-steel piping
HCl + H2O 4-
organic vapours

Ammonia
injection

Pipestill
Overheads

Accumulator
(carbon steel)

Ammonia injection rate
controlled on pH of
condensate in accumulator

Fig. 9.4 Corrosion control in the overheads system of a crude distillation unit



Fig. 9.6 Method of preventing corrosion by premature condensation of acidic vapours. pH
measured continuously at point X automatically controls flow of sodium hydroxide

Localised corrosion The various forms of localised corrosion are a greater
source of concern to the plant designer (and operator) since it is usually
difficult to predict an accurate rate of penetration, difficult to monitor, and
consequently can be (especially in the case of stress-corrosion cracking)
catastrophically rapid and dangerous.

Stress-corrosion cracking (Section 8.10) New metal/environment com-
binations which produce stress-corrosion cracking are continually being
found. Combinations discovered in service in recent years include titanium
in red fuming nitric acid; carbon steel in liquid anhydrous ammonia4 and in

Overheads
accumulator

(carbon steel)

To neutralise condensate
NaOH

Still

Carbon steel piping

Steam or otherwise heated

Overheads condenser
(resistant alloy)

Type 347 stainless steel

Fig. 9.5 Materials design to control corrosion in a nitric acid plant

the critical region. This expedient is adopted in condensing nitric acid
vapour (Fig. 9.5). Condensation first occurs in the boiler feed-water
heater. The coil-carrying boiler feed water is weldless Fe-ISCr-SNi +
Nb (type 347) to avoid attack on welds. Condensed acids drip off the
coils onto the shell where they can reboil — a severe corrosion condition
— the shell is therefore titanium lined.

3. Where the acid condensate is corrosive and neutralisers cannot be used,
then a condenser of resistant materials has to be employed. However,
by steam tracing the lines leading the vapour to the condenser, pre-
mature condensation can be avoided (Fig. 9.6) and in consequence a
cheaper material may be used.

HNO3 vapour at AOO0 C

Fe - 18Cr - 8Ni + Nb piping Boiler feed
waterboiler feed-

water heater
Titanium-
lined shell

Unwelded type 347 stainless steel coil

Nitric acid
converter

Titanium-
lined piping

Type 347 stainless steel
Cooler/condenser



carbonate solutions containing arsenite as a general corrosion inhibitor5;
and CO-CO2-H2O systems. Also, polythionic acid has been identified as
the specific environment in several cases of the stress-corrosion cracking of
stainless steel in service. Chloride stress-corrosion cracking of stainless steels
is a continuous source of trouble. Almost invariably it is caused by the con-
centration of chlorides from a bulk electrolyte which by itself would not
cause cracking. The designer has, in theory, four degrees of freedom to avoid
the problem:

1. Stress relief—although success is claimed for stress relief at 90O0C in
alleviating the problem of chloride-induced stress-corrosion cracking,
there is considerable doubt that, except in cases of marginal risk, it is
a reliable method of preventing stress-corrosion cracking of austenitic
stainless steels. Working stresses would appear to be sufficient to cause
cracking.

2. Avoiding situations that increase the chloride concentration — some cir-
cumstances in which this can occur in practice are listed below, and it
can be seen that control is difficult to ensure.
(a) Under deposits on heat-transfer surfaces.
(b) At a vapour/liquid interface in contact with a heat-transfer

surface.
(c) At a leakage point where evaporation of leaking liquid takes place,

e.g. at a leaking joint.
(d) Where liquid boils in a restricted space (e.g. a tube/tubeplate

crevice), a thermowell, level control instruments, or in a condense/
reboil situation at the point of initial condensation of vapour.

(e) In a shutdown situation where vapour containing chloride con-
denses and is re-evaporated when the unit is restarted.

(/) In a system where chloride can be continuously recycled, e.g. in a
distillation process where there is recycle of a fraction of the dis-
tillate, chloride can concentrate in the still bottoms.

3. Maintaining the chloride-containing liquid in contact with the stainless
steel at <70°C. Process design considerations limit this approach.

4. Using an alloy of higher stress-corrosion cracking resistance or one
which is immune. If their general corrosion resistance is adequate, fer-
ritic steels may be used. Extra-low-interstitial-content ferritic stainless
steels containing molybdenum are claimed to have corrosion resistance
at least the equal of the 300 series steels and to be virtually immune from
stress-corrosion cracking. Otherwise, duplex-structure ferritic-austeni-
tic alloys (typically Fe-18Cr-5Ni) are now available, having superior
resistance to chloride stress-corrosion cracking, although cracking of
them has been experienced in more acidic chloride-containing media.
Stainless steels containing 18% Cr, 18% Ni and 2-3% Si are also
reported to have been successfully used where type 304 has cracked.6

Alloys of high nickel content also have improved chloride stress-
corrosion cracking resistance and Incolloy 825 has replaced type 321
stainless steel for steam bellows on some plants. Occasionally cracking
of the latter was experienced due to chloride-contaminated steam con-
densing in the convolutions on shut-down and being re-evaporated at
start-up.



Titanium is immune to chloride induced stress-corrosion cracking but
more expensive than type 300 series stainless steels.

Chloride stress-corrosion cracking under lagging on hot equipment is
a classic problem. Rainwater leaches chlorides from the lagging, the
solution percolating to the hot wall of the vessel or pipe where it con-
centrates by evaporation. Several remedies are available. Wrapping
the pipe or vessel with aluminium foil before lagging has proved effec-
tive. The chloride solution thus concentrates on the aluminium surface
instead of stainless steel. Pipe hangers and vessel flanges constitute
points where this protection can be incomplete and attention to detail
is essential to minimise failures. Alternatively, lagging materials con-
taining soluble inhibitors of chloride stress-corrosion cracking have
been used with success.

For carbon steels, however, a full stress-relief heat treatment
(580-62O0C) has proved effective against stress-corrosion cracking
by nitrates, caustic solutions, anhydrous ammonia, cyanides and
carbonate solutions containing arsenite. For nitrates, even a low-
temperature anneal at 35O0C is effective, while for carbonate solution
containing arsenite the stress-relief conditions have to be closely con-
trolled for it to be effective5.

However, with large vessels, there are two areas where it is difficult
to ensure adequate stress relief:
(a) Where welds are stress relieved on site —the large heat sink pro-

vided by the vessel and the difficulty of shielding the area being heat
treated from draughts mean that very strict temperature monitor-
ing is necessary.

(b) Vessels fitted with large branches —during pressure testing or even
in normal operation, yield-point stresses can be reached at stress
raisers provided by the configuration of such branches.

In addition, a surprisingly large number of stress-corrosion cracking
failures have resulted from the welding of small attachments to vessels
and piping after stress-relief heat treatment has been carried out.

Pitting (Sections 1.5 and 1.6) Pitting of carbon steel is seldom catas-
trophically rapid in service and can often be accommodated within the corro-
sion allowance for the equipment. It often takes place under scale or deposits
so that regular descaling of equipment can be beneficial.

Pitting of carbon steel in cooling-water systems is a well-known problem
which can be avoided by a correctly instituted and maintained inhibitor
treatment. Correct institution includes descaling of the equipment before
commissioning, since experience with chromate-inhibited systems has shown
that a pre-existing rust layer prevents chromate reaching the metal surface,
the equipment continuing to corrode as if no inhibitor was present in the
cooling water.

'Oxygen pitting' of boiler tubes by boiler feed water due to inadequate
de-aeration is also a problem, but controllable by proper maintenance of
de-aerators, coupled with regular boiler feed water analysis, or, preferably,
continuous dissolved-oxygen monitoring.

Pitting of stainless steels can usually be avoided by correct specification
of steel type, and type 316 is the normal choice where pitting is at all likely.



Some duplex alloys have even better pitting resistance than type 316 and
should be considered in severely pitting media. Titanium is virtually immune
to chloride pitting and cupro-nickel alloys are used for condensers where
sea-water is the coolant; high pitting resistance in this duty is claimed for
Cu-25Ni-20Cr-4-5Mo.

Crevice corrosion without heat transfer (Sections 1.5 and 1.6) Since this is
a phenomenon affecting alloys which depend on diffusion of an oxidising
agent (usually oxygen) to the metal surface for maintenance of passivity,
there are two degrees of freedom open to the designer to avoid this problem.
The first is to choose an alloy that does not rely on an oxide film for its corro-
sion resistance. This, in the case of replacing conventional austenitic stainless
steel, will be a more costly option. An alternative is to choose a passive alloy
whose passivity is less critical in terms of oxidising agent replenishment at
the metal surface. As an improvement on type 316, duplex-structure stainless
steels, e.g. Ferralium or higher-alloy-content stainless steels based on a 25%
Cr-20% Ni composition (e.g. 2RK65 and 904L) are more crevice-corrosion
resistant, in addition to having improved general corrosion and stress-
corrosion cracking resistance.

The second degree of freedom is 'to design-out' crevices where possible,
although it must be remembered that crevice corrosion can go on underneath
deposits. Crevice corrosion at a butt weld with incomplete root penetration
is a common case (Fig. 9.Ia). Where internal inspection is not possible and
crevice corrosion is recognised as likely, ̂ -radiography of each weld can be
specified.

The correct flange design, in particular where crevice corrosion is known
to be a problem, is important. Thus screwed flanges (Fig. 9.76) and socket-
welding flanges (Fig. 9.Ic) present crevices to the fluid whereas slip-on-
welding (Fig. 9.Id) and welding-neck flanges (Fig. 9.Ie) are designs that
avoid crevices. Welding-neck flanges have the advantage that the butt weld
to the adjoining pipe can be radiographed whereas the fillet welds in the slip-
on welding type cannot. Poor fusion resulting in a crevice cannot therefore
be detected.

Crevice corrosion often occurs at gasketed joints. It can be alleviated as
a problem by painting the flange faces with inhibited paints or coating the
gasket and flange faces with impervious compounds, e.g. liquid rubbers,
ensuring the gaskets are specified correctly from the design code and have the
correct internal diameter. Figure 9.7/shows how a crevice is created when
a gasket of a sub-standard specification (or the wrong size) is fitted. Figure
9.7g shows the correct configuration if crevice corrosion is thought likely.
Branches for thermosheaths must be generously sized so that a crevice is not
created between the sheath and the branch wall (Fig. 9.Ih).

Crevice corrosion with heat transfer This can give rise to catastrophically
high rates of corrosion. A classic situation in which this occurs is at the
crevice formed at the back of a tubeplate in a tube-and-shell heat exchanger
(Fig. 9.70.

A heat-exchanger tube is expanded into the tubeplate to effect a joint.
However, to avoid bulging the tube outside the confines of the tubeplate,
expansion never takes place through the whole tubeplate thickness and a



crevice is thus formed. Within this crevice local boiling can take place,
concentrating corrodents (chloride stress-corrosion cracking of austenitic-
stainless-steel exchangers can occur in this way). Even if local boiling does
not take place, the high rate of heat transfer across the gas entry tubeplate
of a gas/liquid exchanger with gas on the tubeside, may by itself stimulate
corrosion in the crevice. Where the shellside liquid is inhibited, ingress of
inhibitor into the tube/tubeplate crevice may be too slow to be effective in
a heat transfer situation.

There are three degrees of freedom in designing-out these problems for
tube and shell exchangers:

1. By reducing the heat-transfer rate at the front tubeplate using insulating
ferrules in the tube ends.

2. By putting the corrodent on the tubeside and the hot vapour on the
shellside provided the vapour is compatible with the shell material; this
is the normal configuration for steam-heated exchangers.

3. By eliminating the crevice using the recently developed technique of seal
welding the tubes to the back of the tubeplate (Fig. 9.7A:). However, this
would add markedly to the cost of the unit.

Weld corrosion (Section 9.5) Crevice corrosion at butt welds due to poor
penetration has already been discussed and was shown in Fig. 9.1 (a). Con-
versely, if there is a large weld bead protruding in the pipe bore, erosion/cor-
rosion can occur downstream due to the turbulence produced over the weld
bead (Fig. 9.8). In either case, the fault probably lies in the incorrect spacing
of the butts at welding.

Selective corrosion in the heat-affected zone of a weld occurs most com-
monly when unstabilised stainless steels are used in certain environments.
The obvious answer is to use an extra-low-carbon grade of stainless steel,
e.g. types 304L, 316L or a stabilised grade of steel, e.g. types 321 and 347.
Knifeline attack at the edge of a weld is not commonly encountered and is
seldom predictable, and it must be hoped that it is revealed during prelim-
inary corrosion testing.

For both heat-affected zone corrosion (intergranular attack) and knifeline
attack the heat flux during welding and the time at temperature can critically
affect the severity of the attack. Both these factors may vary from one welder
to another, and when preparing pieces for corrosion testing not only should
fabrication welding conditions be accurately reproduced, but the work of
more than one welder should be evaluated.

Erosion corrosion (Section 1.11) Erosion corrosion by a single-phase
liquid system is characterised by a maximum acceptable fluid velocity for a
given material. Generally, velocities in straight pipes should not exceed 50%
of this value because turbulence, i.e. high local velocities, is bound to be
superimposed in some areas. However, where possible, sharp changes in sec-
tion and of flow direction should be avoided. Bends should be swept rather
than right-angled, T'-junctions should be avoided where possible, and sec-
tion reducers should be gradually tapered. Where turbulence cannot be
avoided, e.g. downstream of pumps, control valves and orifice plates used
to measure flow, it is advisable to consider short sections (say 3 m) of a more
erosion-resistant material. Any piece of equipment in which turbulence



Fig. 9.7 Crevices. Formed (a) by the incomplete penetration of a butt weld, (b) by the use of
a screwed flange and (c) by the use of a socket-welding flange, (d) Crevice-free slip-on-welding
flange type, (e) crevice-free welding-neck flange type, (/) crevices created by choice of wrong
size or wrong standard gasket for duty, (g) correct configuration if crevice corrosion is thought
likely, (H) crevice situation created by too small a clearance between thermosheath and the con-
taining branch, (i) crevice formed at the back of a tubeplate and (j) and (k) variants of sealing
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occurs, e.g. pumps and control valves, should similarly use a higher velocity-
rating material of construction. Introduction of a sacrificial impingement
plate should be considered when the velocity cannot be kept low enough to
prevent erosion. For example, an impingement plate is often fitted opposite
the liquid inlet on the shell of a tube-and-shell exchanger to protect the tubes
on which the liquid would otherwise impinge.

The tube-side inlet to an exchanger, i.e. the tube ends, is a highly turbulent
region and nylon ferrules in the tube ends of the inlet pass have been used
in cupro-nickel-tubed condensers to prevent erosion. Where the flow is two
phase the same rules will apply except that an erosion velocity limit is more
difficult to specify.

Erosion corrosion of pump impellers, casings and wear plates can be very
troublesome. Positive-displacement pumps create much less turbulence than
centrifugal or axial-flow pumps and should be used where possible in critical

Fig. 9.8 Erosion/corrosion downstream of a butt weld with too much root penetration
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duties where erosion is particularly severe or where the tolerable deviation
from the design delivery rate is low. However, positive-displacement pumps
tend to have low delivery rates, and for large rates pumps creating more
turbulence will have to be used. For very severe duties, planned maintenance
may be the only way to live with the problem. Experience on severe duties
is that closed-impeller centrifugal pumps are less prone to erosion than the
open type. Replaceable liners may also be considered to accommodate casing
erosion.

Corrosion Data

This is derived from four sources:

1. From similar or identical plants — such data must be treated with cau-
tion until it is verified that process conditions, mode of operation and
raw materials are all such that direct comparisons can be made.

2. From data published by manufacturers to support the use of their
materials, e.g. References 7 to 10. Again, case histories quoted must be
treated with caution but such data are very useful for sorting out the
possible materials for a particular duty.

3. From established corrosion design data. There are some very useful
reference works containing corrosion data from a multitude of
sources11"13, and for simpler corrosive systems, well-established corro-
sion design charts1'13, e.g. limiting concentrations and temperatures
above which carbon steel must be stress relieved to avoid stress-
corrosion cracking in caustic solutions. These are invaluable to the
corrosion engineer involved in design.

4. Corrosion testing data. The pitfalls in corrosion testing and the test
methods are described in Chapter 19, but several points need underlin-
ing from experience in the design of chemical plants:

(a) Liquids used for testing must reproduce all possible variations
that are to be expected in the operating plant.

(b) When testing for corrosion under heat-transfer conditions, the
heat flux must be realistic. It is not good enough to merely
reproduce the correct temperatures14.

(c) When testing for corrosion in a distillation process, very local-
ised effects must be covered, e.g. the corrosion characteristics at
the point of initial condensation of the overhead vapours.

(d) Testing for erosion limits should include a reference condition,
i.e. a fluid velocity/material combination whose erosive charac-
teristics in a plant are known.

New Materials and Equipment Design

New alloys with improved corrosion-resistance characteristics are con-
tinually being marketed, and are aimed at solving a particular problem, e.g.
improved stress-corrosion cracking resistance in the case of stainless steels
improved pitting resistance or less susceptibility to welding difficulties.



Composite materials are also becoming more freely available and explo-
sive cladding offers possibilities of duplex-plate materials for such items as
tubeplates15. Duplex-material heat-exchanger tubing is also now marketed
and vessels can be satisfactorily clad or lined with an ever increasing list of
metallic and non-metallic linings. Glass-reinforced plastics are in increas-
ing use as confidence grows in their long-term performance for such items
as low-pressure vessels. In short, the impasse of a design today may well
be soluble tomorrow and the materials engineer must keep abreast of
developments.

Economic and Political Considerations

This input to design refers to the long-term stability of the raw material
sources for the plant. It is only of importance where the raw materials can
or do contain impurities which can have profound effects on the corrosivity
of the process. Just as the design should cater not only for the norm of opera-
tion but for the extremes, so it is pertinent to question the assumptions made
about raw material purity. Crude oil (where H2S, mercaptan sulphur and
napthenic acid contents determine the corrosivity of the distillation process)
and phosphate rock (chloride, silica and fluoride determine the corrosivity
of phosphoric acid) are very pertinent examples. Thus, crude-oil units
intended to process low-sulphur 'crudes', and therefore designed on a basis
of carbon-steel equipment, experience serious corrosion problems when only
higher sulphur 'crudes' are economically available and must be processed.

Phase Two — Construction Stage Checks

The question of safeguarding against wrong materials being installed in a
plant has been a focus of much attention recently16. Mistakes can arise in
two ways:

1. Items which cannot themselves be wrongly assembled are supplied in
the wrong material by the fabricator due to a mix-up in his identification
system.

2. Common items such as valves, piping and welding electrodes which may
be supplied for a large plant in half a dozen material specifications can
become mixed up due to poor identification marking.

This is a very serious problem in that, for example, in high-temperature
hydrogen service, use of carbon steel when the duty demands a 1 % Cr-Mo
steel, can have disastrous consequences16.

Corrosion failures in service are minimised by ensuring that all fabrication
and erection work conforms to the codes of practice specified by the design.
The corrosion engineer can only influence matters here by persuading the
designers to specify more stringent codes if there are identifiable risks in
using a less demanding code. For example, for duties in which crevice corro-
sion is a possible problem, it might pay to adopt a policy of radiographing
all welds for defects rather than only 10% as specified normally.



Fig. 9.9 Factors contributing to a policy of planned maintenance

A prerequisite to a corrodable material being used is that it is known to
have a useful and reasonably predictable life. Planned, or unplanned down-
time costs money and the intervals between planned replacements must be
of reasonable duration. In practice, the replacement interval is usually con-
servative at first and then as experience accumulates, the intervals between
planned replacements will usually extend. The main reason for choosing a
planned maintenance policy is that on a discounted cash flow (DCF) calcula-
tion over the life of the plant, the cost of regular replacements including
maintenance labour and downtime is less than the extra initial capital cost
of a more durable material.

In some cases, the item of equipment may have to undergo maintenance
at regular intervals for reasons other than corrosion damage, e.g. change of
bearings and seals on pumps. This fact alters the basis of the DCF calcula-
tion, i.e. the cost of downtime and maintenance labour is no longer all set
against the increased cost of a more durable material and the cheaper, cor-
rodable material becomes a more attractive alternative. For some items of
equipment, their importance to the plant may be such that the minimum
risks of failure shutting the plant down are taken, and a spare, which can be
rapidly brought on-line, is installed. In this case, maintenance can be carried
out on the spare with the plant on-line. This is a variation on the strict defini-
tion of planned maintenance.

Phase Three — Planned Maintenance

Strictly, 'planned maintenance' refers to a policy of shutting down a plant
at regular intervals to replace or refurbish items of equipment which
although not having failed by corrosion or any other mode, would have a
high probability of doing so before the next shutdown.

The justifications for adopting a planned maintenance policy rather than
spending extra capital to ensure that the component lasts the life of the plant
are summarised in Fig. 9.9.
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Lastly, but quite frequently, the sole justification for a planned mainte-
nance policy is that there is no feasible alternative to the use of a corrodible
material of construction, usually because the item of equipment in a non-
corrodible material is not commercially available or delivery is slow such that
the construction programme would be jeopardised.

Phase Four — Corrosion Monitoring

Figure 9.10 summarises the techniques available for monitoring corrosion in
an operating plant. Visual inspection is a statutory obligation at regular
intervals for some classes of chemical plant equipment, e.g. pressure vessels.
However, much equipment is opened up mainly to gain reassurance that it
is not suffering from serious corrosion damage. Due to the high cost of such
downtime, there is a considerable financial incentive to develop on-line
monitoring methods which will partially or wholly replace such visual inspec-
tions. (See also Section 19.3.)

Fig. 9.10 Techniques for monitoring corrosion in process plant

Thickness Measurement and Crack Detection

The principal technique used is ultrasonics, but it has limitations as a moni-
tor for the progress of corrosion. The sensitivity of the technique is com-
monly quoted as ±0-005 in. (O-125 mm) although even this may be difficult
to achieve where the surface is hot or where close coupling of the probe
head and metal surface is difficult. This means that for a normally low corro-
sion rate, the useful interval between readings may be fairly long and an
unexpected rapid increase in corrosion rate could be missed for some time.

7-ray and 0-ray backscatter and absorption techniques can give very
accurate thickness definition, especially for thin gauge material. The 7-ray
absorption method has been successfully developed to detect corrosion in
the tube/tubeplate crevice of a heat exchanger and also of the shellside of
heat-exchanger tubes18. Both situations are difficult to visually inspect. The
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7-source is placed in one tube while the detector is placed in an adjacent one.
For detecting stress-corrosion cracks and estimating their depth of pene-

tration, the ultrasonic technique and, to a lesser extent, A^-radiography, have
proved successful.

Sentinel holes are used as a simple form of thickness testing. A small hole
of about 1 -6 mm diameter is drilled from the outer wall of the piece of equip-
ment to within a distance from the inner wall (in contact with the corrodent)
equal to the corrosion allowance on the equipment (Fig. 9.11). The technique
has been used even in cases where the corrodent spontaneously ignites on
contact with the atmosphere. The philosophy is that it is better to have a little
fire than a big one which would follow a major leak from corrosion through
the wall. When the sentinel hole begins to weep fluid a tapered plug is ham-
mered into the hole and remedial maintenance planned. Siting the sentinel
holes is somewhat speculative although erosion at the outside of a pipe bend
is often monitored in this way.

Sentinel hole

Design corrosion allowance

Corrosive
fluid

Fig. 9.11 Sentinel hole method of monitoring corrosion of a pipe wall

Hydrogen probes are mainly used in refineries to detect the onset of condi-
tions when H2S cracking of carbon-steel equipment could become a real
risk. As a qualitative monitoring technique, it has a long and proven service
of worth.

Weight-loss coupons are the most used and most abused of corrosion-
monitoring methods. The technique is abused by the often repeated mistake
of coupons being placed in such a position that the fluid flow around them
is totally unrepresentative of that experienced by the equipment they are
intended to simulate. The flow around a specimen projecting into a flowing
piped stream may result in totally different corrosion conditions from that
experienced by the pipe walls. A less precise result from a spool piece inserted
into a pipeline may be far more typical of true corrosion rates in the pipe than
a highly precise result from a corrosion coupon. Sometimes, however, it is
possible to get close to actual flow conditions. Thus, in agitated vessels,
specimens bolted to the outer edge of the agitator blade, in the same orienta-
tion as the blade, will give very useful information on agitator corrosion
rates. Corrosion coupons are probably most usefully used to rank materials
of construction and to detect the permanent onset of a significant change in



corrosivity. Coupons integrate corrosion damage over a period and are of
only marginal use in a situation where rapid and large increases in corrosion
rate can occur.

Electrical Resistance Monitors

Electrical resistance monitors use the fact that the resistance of a conductor
varies inversely as its cross-sectional area. In principle, then, a wire or strip
of the metal of interest is exposed to the corrodent and its resistance is
measured at regular intervals. In practice, since the resistance also varies
with temperature, the resistance of the exposed element is compared in a
Wheatstone bridge circuit to that of a similar element which is protected
from the corrodent but which experiences the same temperature.

In process streams where there are large changes in process temperature
over a short time, the fact that the temperature of the protected element will
lag behind that of the exposed element can give rise to considerable errors.
The most recent development is the use of test and reference elements that
are both exposed to the corrodent. The comparator element has a much
larger area than the measuring element so that its resistance varies much less
than that of the measuring element during their corrosion. Several draw-
backs to this type of monitor, deduced from service experience, may be
quoted:

1. If corrosion occurs with the formation of a conducting scale, e.g. FeS
or Fe3O4, then a value of the measured element resistance may be
obtained which bears little relation to the loss in metal thickness.

2. Pitting or local thinning of the measured element effectively puts a high
resistance in series with the rest of the element and thus gives a highly
inflated corrosion rate.

3. Wire form measured elements tends to suffer corrosion fatigue close
to the points where it enters the support. This is particularly true in
turbulent-flow conditions, and strip-type elements are preferred in such
cases.

4. Where a solid corrosion product is formed, meaningful results are only
obtained after a 'conditioning' period for a new measured element.
Even so, the conditions under which the scale is laid down may not be
the same as that for the original equipment. This objection applies
equally to coupons or spools, and points to one of the basic objections
of using anything other than the plant itself to monitor corrosion rates.

5. The more massive the measured element, the longer its useful life, but
the less sensitive the monitor is to small changes in cross-sectional area.
Thus, a compromise between long life and sensitivity has to be decided
upon, depending on the application.

The advantages of this type of monitor are that it can be automated to pro-
duce print-outs of corrosion rate at regular intervals and that it can be used
to monitor corrosion in any type of corrodent, e.g. gaseous, non-ionic liquid
or ionic electrolyte. Such monitors are in wide use, especially in refinery
applications.



Linear Polarisation Measurement

Linear polarisation measurement is based on the Stern-Geary equation:

Cu[\ = Z>A
L A/J JSi0n 2-3/corr.(6a + 6c)

<—*[£]

There has been considerable talk recently in the literature about errors in this
equation, but the modifications to it proposed are minor compared with the
practical errors introduced by its use (see also Section 19.1):

1. The values of ba and bc, i.e. The Tafel constants of the anodic and
cathodic polarisation curves, first have to be measured directly in the
laboratory or deduced by correlating values of AE/A/ measured on the
plant with /corr values deduced from corrosion coupons. The criticism
is that the K value is likely to be inaccurate and/or to change markedly
as conditions in the process stream change, i.e. the introduction of an
impurity into a process stream could not only alter /corr but also the K
factor which is used to calculate it.

2. The equation assumes that for a given AE (usually 10 mV) shift, the cor-
responding change A/ is solely attributable to an increase in metal dis-
solution current. However, in solutions containing high redox systems,
this may be very far from the case.

Practical experience with the technique has been that in some simple
electrolyte solutions, 'reasonably good' correlation is achieved between cor-
rosion rates deduced by linear polarisation and from corrosion coupons.
'Reasonably good' here seems to be considered anything better than a factor
of two or three. However, the a.c. linear-polarisation technique has been
used with considerable success to control inhibitor additions to overcome
corrosion in ships' condensers while operating in estuarine waters18 and the
d.c. technique has been used in controlling the corrosivity of cooling waters.
Although it can only be used in ionic electrolyte solutions, results have
indicated that the necessary conductivity is not as high as was once thought
to be the case.

To summarise: the technique is very much in its infancy as a monitoring
method and must be used with caution until proven in specific applications.

Corrosion Potential Measurement

The application of this method of corrosion monitoring demands some
knowledge of the electrochemistry of the material of construction in the
corrodent. Further, it is only applicable in electrolyte solutions.

The nature of the reference electrode used depends largely on the accuracy
required of the potential measurement. In the case of breakdown of passi-
vity of stainless steels the absolute value of potential is of little interest. The
requirement is to detect a change of at least 200 mV as the steel changes from



the passive to the active state. In this case a wire reference electrode, e.g.
silver if there are chloride ions in solution to give a crude reversible silver/
silver chloride electrode, may well be sufficient. Alternatively, the redox
potential of the solution may be steady enough to be used as a reference
potential by inserting a platinum wire in the solution as the wire electrode.

However, in the case of stress-corrosion cracking of mild steel in some
solutions, the potential band within which cracking occurs can be very nar-
row and an accurately known reference potential is required. A reference
half cell of the calomel or mercury/mercurous sulphate type is therefore used
with a liquid/liquid junction to separate the half-cell support electrolyte
from the process fluid. The connections from the plant equipment and refer-
ence electrode are made to an impedance converter which ensures that only
tiny currents flow in the circuit, thus causing the minimum polarisation of
the reference electrode. The signal is then amplified and displayed on a
digital voltmeter or recorder.

Corrosion potential measurement is increasing as a plant monitoring
device. It has the very big advantage that the plant itself is monitored rather
than any introduced material. Some examples of its uses are:

1. To protect stainless-steel equipment from chloride stress-corrosion
cracking by triggering an anodic protection system when the measured
potential falls to a value close to that known to correspond to stress-
corroding conditions.

2. To trigger off an anodic protection system for stainless-steel coolers
cooling hot concentrated sulphuric acid when the potential moves
towards that of active corrosion.

3. To prompt inhibitor addition to a gas scrubbing system solution prone
to cause stress-corrosion cracking of carbon steel when the potential
moves towards a value at which stress-corrosion cracking is known to
occur.

4. To prompt remedial action when stainless-steel agitators in a phos-
phoric-acid-plant reactor show a potential shift towards a value asso-
ciated with active corrosion due to an increase in corrosive impurities
in the phosphate rock.

It can be seen that in each case considerable knowledge is required before
the potential values associated with the equipment can be interpreted.

Monitor Retractability

Corrosion coupons require periodic weighing, resistance-probe elements
require renewing and reference electrodes develop faults. Since the emphasis
is on monitoring plants which remain on-line for long periods, careful con-
sideration has to be given to how the monitor is going to be serviced. Systems
are now marketed which enable such servicing to be carried out with the
plant on-line and these do not rely on the monitoring being installed in a
by-pass line or in line with a duplicated piece of equipment such as a pump,
which may not always be in use. Figure 9.12 shows a system based on a tool
used for under-pressure break-in to operating plant.



Fig. 9.12 System based on a tool used for under-pressure break-in to operating plant

Phase Five — Remedial Measures

Figure 9.13 summarises the tools which are at the corrosion engineer's
disposal in the solution of a corrosion problem once it has appeared. The
solution adopted will frequently be a combination of these, and economics
and convenience will determine the course adopted if there is an option.
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Fig. 9.13 Options for remedying corrosion problems in process plant

Summary

Corrosion control in chemical plant is a continuous effort from the inception
of the design to the closure of the plant. Economics dictate the risks which
are taken at the design stage with respect to corrosion and the extent of the
precautions taken to prevent it.

Errors in design and changes in operation will occur which increase the
risk of corrosion. Corrosion-monitoring systems give advance warning and
enable remedial measures to be worked out and adopted.

Recent Developments

Introduction

The format of the original section has been adopted in this update. Because
of the 'timeless' nature of the original material relating to phases 2 and 3,
updating has been confined to phases 1, 4 and 5.

Phase One — Plant and Process Design

Information/Knowledge Systems Computers have revolutionised the basic
process/mechanical design processes, and are beginning to impact signifi-
cantly on the corrosion engineer's role of predicting material perfor-
mance19. Apart from the increasing availability of computerised databases,
significant effort is being expended on the development of computer-aided
management and expert systems. There has been much debate around desir-
able and practicable objectives for such systems20, but most are directed at
one or more of the basic elements of education, failure diagnosis and
materials selection.

The development of such systems is expensive and time consuming, and
the major industrial initiatives have been undertaken on a collaborative
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basis. Of particular note are the UK ACHILLES21, the European PRIME22

and the North American Materials Technology Institute (MTI), National
Association of Corrosion Engineers (NACE) and National Institute for
Standards and Technology (NIST) projects which when complete will pro-
vide expert systems relating to a wide range of process industry environments
and corrosion control technologies.

Major Industry Corrosion Problems A number of specific problems have
achieved 'industry' status over the past ten years, owing to their cost and/or
threat to plant integrity. All have significant design implications.

1. 'External' corrosion of surfaces beneath thermal insulation and fire-
proofing systems, resulting in general corrosion of carbon and low-
alloy steel, and chloride-induced stress-corrosion cracking of austenitic
stainless steel. Key preventative measures are to keep water out of such
systems, to allow it to be removed should it get in, the specification of
appropriate insulating/fireproofing materials, and the use of protective
coatings23.

2. The effects of hydrogen on carbon and low-alloy steel equipment:
(a) It has become recognised that 0.5 C-Mo grades of steel can suffer

more hydrogen 'damage' at elevated temperatures than indicated by
the API 'Nelson' curves, the most recent edition of which draws
attention to the problem24.

(b) The various forms of 'wet H2S' cracking and blistering, familiar
in the oil and gas production industry, have been experienced in
storage and pressure vessels in the refining industry25, and have
contributed to at least one major failure26. Preventive measures
similar to those utilised in oil and gas production, including hard-
ness control and stress relief27, are necessary to avoid cracking.

3. Environmentally-induced cracking has emerged as a significant prob-
lem in the following fluids:
(a) Anhydrous ammonia. This potential problem is now widely recog-

nised in ammonia storage/processing equipment28. Oxygen and
water promote and inhibit cracking, respectively. The problem has
been heavily researched on an 'industry' basis in Europe29, and key
factors for controlling the problem recognised.

(b) Amine-based acid gas removal systems. Cracking can occur in both
CO2 and H2S removal units utilising MEA, DEA, MDEA and
DIPA, and has been reported in all types of equipment, including
absorbers/contactors, exchangers and piping. An industry survey
has been undertaken30.

(c) 'Deaerated' water. Following some problems in the pulp/paper
industry, it is now clear that process and utility industry deaerated
water storage vessels, and possibly other steam/water circuit equip-
ment, can suffer environmentally induced cracking31. The origins
of the problem remain rather obscure, but there are probable
parallels to the well understood nuclear pressure vessel cracking
problems, where critical levels of oxygen promote cracking32.

The evidence to date suggests that thermal stress relief prevents cracking in
all three environments.



Phase Four — Corrosion Monitoring

A number of techniques have been developed since the original material
was written33. Some instrumentation/transducer developments also merit
comment.

Electrochemical Techniques Although the linear polarisation resistance
technique has moved beyond the 'infancy' status attributed to it in the orig-
inal material, its inherent limitations remain, i.e. it is a perturbation tech-
nique, sensitive to environmental conductivity and insensitive to localised
corrosion. Two developments have occurred:

1. A.c. impedance. Measurements of the frequency variation of impe-
dance33'34 allow separation of the 'change transfer resistance' from the
contributions to the total impedance of the environment resistance,
surface films, adsorbed layers, etc. Robust instruments utilising a two-
frequency technique have been developed35'36.

2. Electrochemical noise. Fluctuations in potential or current from base-
line values during electrochemical measurements are particularly
prominent during active/passive transitions. This so-called 'electro-
chemical' noise is of particular value in monitoring localised corro-
sion, i.e. pitting, crevice and deposit corrosion and stress-corrosion
cracking36'39.

Instruments providing simultaneous measurement of a number of para-
meters on multi-element probes have been developed, including potential
'noise', galvanic coupling, potential monitoring, and a.c. impedance38.

Reported plant applications of a.c. impedance and electrochemical noise
are rare, but include stainless steels in terephthalic acid (TA) plant oxidation
liquors35, nuclear fuel reprocessing37, and fluegas desulphurisation (FGD)
scrubber systems38.

Radioactivation Techniques Neutron and thin layer (TLA) activation are
non-intrusive techniques offering the prospect of continuous, direct com-
ponent monitoring, in addition to coupon or probe, monitoring. In prin-
ciple, localised corrosion can be monitored using a double-layer technique.
Process plant applications of the technique have been limited to date40.

Acoustic Emission (AE) Conventional, periodic internal inspection of pro-
cess equipment is highly expensive, particularly where an in-service dete-
rioration mechanism, e.g. stress-corrosion cracking or corrosion fatigue is
suspected. The potential for AE as a basis for plant integrity monitoring has
been recognised over the past 10 years41. Monsanto have been particularly
active in extending technology developed initially for fibre reinforced plastic
(FRP) equipment to the assessment of metallic equipment42.

The technique utilises arrays of transducers attached to the external sur-
faces of the equipment, which detect small-amplitude elastic stress waves
emitted when defects 'propagate'. Using sophisticated computational tech-
niques, 'events' can be characterised in terms of their severity and location.

Conventionally, the technique has been used off-line, to provide informa-
tion on the structural integrity of equipment, typically during a pressure test.
However, the technique can be used on line by periodically raising the pres-
sure some 5-10% above the maximum operating pressure and one system



for the continuous monitoring of stress corrosion cracking in blast furnace
plants has been described43.

Complementary technologies such as conventional non-destructive exam-
ination (NDE) and fracture mechanics are needed to size and determine the
significance of defects revealed by AE.

Probe/Instrumentation Developments The principles of good practice in
the design, construction and location of corrosion probes have been
reviewed44. Specific probe designs which acknowledge hydrodynamic
influences45 and the combined effects of mass and heat transfer38 have been
developed.

Computers have impacted significantly on corrosion monitoring instru-
mentation and data management46. Cableless corrosion monitoring utilis-
ing radio techniques has recently become available47.

Phase Five — Remedial Measures

Significant developments have occurred in many of the basic corrosion
prevention technologies over the past 10 years.

Metallic Materials Stainless steel technology has been revolutionised by
the combined effects of argon oxygen decarburisation (AOD) and nitrogen
alloying (O- 1-0-251Vo) producing a range of alloys with improved localised
corrosion (including chloride stress corrosion) resistance, and in specific
cases oxidising or reducing acid resistance, compared with the basic
18Cr-8Ni grades48.

The principal groups are:

1. Ferritic Fe-Cr-Mo compositions with 18-30% Cr, 1-4% Mo and in
some cases up to 4% Ni.

2. Duplex ferritic-austenitic alloys with 18-26% Cr, 5-7%Ni and up to
4% Mo.

3. High nickel austenitics, with 25-35% Ni, 20-22% Cr and up to 6% Mo,
with good resistance to reducing acids.

4. High chromium austenitics with 24-25% Cr, 20-22% Ni and up to 2%
Mo, with good nitric acid resistance.

5. High silicon austenitics, containing 4-6% Si, with good resistance to
highly oxidising nitric and sulphuric acids.

Nickel alloy technology has also been influenced by AOD melt processing,
allowing the production of more weldable variants of the basic 4B', 4C' and
4G' families of alloys. Additional improvements have come from alloying
around the basic Ni-Mo and Ni-Cr-Mo compositions49.

Non-Metallic Materials Numerous engineering thermoplastics have been
commercialised50 including materials such as polyetherether ketone (PEEK)
and polyether sulphate (PES) with much improved thermal/chemical
resistance. The usage of FRP equipment has increased, and fluoropolymer
lining technology/applications have come of age. Of particular interest is the
development of stoved, fluoropolymer coating systems for process industry
equipment.



Electrochemical Protection Potential control technology has developed
considerably in recent years beyond the more traditional applications in
sulphuric acid storage, cooling etc. Numerous applications have been iden-
tified in the pulp and paper industry, including the control of stress-
corrosion cracking, pitting and crevice corrosion51. Systems have also been
developed for plate heat exchangers, FGD scrubbers, and phosphoric acid
storage vessels.

J. A. RICHARDSON
D. FYFE
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