
19.3 Corrosion Monitoring and
Inspection

Introduction

The previous edition of Corrosion indicated an increased emphasis in
monitoring of internal corrosion in high capital-cost process plant in the
decade prior to 19761. A number of reasons for this were given; for exam-
ple the requirement for process plant to operate for longer periods between
scheduled shut-downs, avoidance of unscheduled stoppages, increased
management efficiency and reduction in incidents resulting in hazard or
injury to both plant personnel and the general public. These requirements
particularly applied to oil and gas production as well as production of
chemicals and petrochemicals.

Since 1976, all these factors have intensified, and reactions to political e.g.
the OPEC crisis, which led to considerable expansion in the European off-
shore sectors, which would otherwise have evolved more slowly. Also,
during this time a number of events have led to greater awareness of the
benefits to be obtained from on-line inspection to gain, in particular, infor-
mation on the corrosion conditions of the interior of plant, pipework and
pipelines. An example was the destructive explosion at the chemical plant
at Flixborough (UK). Although the cause was not directly attributable to
corrosion per se, the event catalysed mandatory requirements for overall
inspection relating to the operation of process plant. In addition, industry
in general has been undergoing a massive reduction in the workforce at all
levels of responsibility-inspection departments were not exempted. It was
inevitable therefore, for management to exercise interest in automatic
systems for both corrosion monitoring and inspection.

The trend to automatic systems was considerably assisted by develop-
ments in computer technology especially the introduction of the micro-
processor. Exploratory work regarding computer storage of corrosion
monitoring data was reported in the last edition1. Since that time rapid
progress has been made in computer involvement in both monitoring and
inspection techniques. Details will be found under the respective techniques.
'Closing the loop' where a computer can control and provide a remedy for
up to 80% of corrosion 'alerts' arising from on-line monitoring is already
operating in a number of oil refineries.



A factor which previously limited installation of automatic corrosion
monitoring systems was the cost of cabling between sensors and control
room instrumentation-this was particularly relevant to the electrical resis-
tance (ER) systems. Developments to overcome this have included trans-
mitter units at the probe location providing the standard 4-20 mA output
(allowing use of standard cable) for onward transmission to data systems or
the use of radio linkage which has been successfully used for other process-
plant instrumentation.

Industry in general requires user-friendly equipment for industrial moni-
toring without the need for expertise for operation and data interpretation.
Equipment and techniques that do require corrosion expertise will therefore,
be limited to a 'service', i.e. specialist, company providing both equipment
and personnel on a contract basis.

In addition to the general range of monitoring equipment, a number of
instruments have been developed for detection and measurement of corro-
sion for specific requirements. Examples are the 'wheeled-trolley' using eddy
currents for assessment of galvanised coating deterioration of high-tension
transmission cables (Fig. 19.49) an electrochemical monitor for high-tension
electricity cable pylons, a device for atmospheric monitoring (Fig. 19.50)
and the use of thin-layer activation (TLA) for a subsea assembly used in oil
production.

Fig. 19.49 Overhead line corrosion detector (courtesy Cormon Ltd.)

Developments in electrochemical methods since 1976 for measurement
of corrosion have been rapid. Research and development has produced
several new techniques, e.g. a.c. impedance and electrochemical noise. These
methods require corrosion expertise for both operation and interpretation.
Industry generally prefers instrumentation that can be operated by process



Fig. 19.50 Environmental corrosion monitor (courtesy Cormon Ltd.)

workers, so it is unlikely that such instrumentation systems will be sold 'over
the counter', but will be supplied as a service to industry, as are the many
advanced non-destructive testing (NDT) systems.

A considerable catalyst to the corrosion monitoring market has been
expansion in the production of oil and gas, not only in the usual oil areas
(US and the Middle East), but also the offshore developments in Europe.
In addition to the usual uncertainty of the onset or progress of internal cor-
rosion in the operation of plant, the oil industry has to face the consider-
able problem concerning prediction of 'field corrosivity' and the possibility
of the producing field becoming corrosive or more corrosive as depletion
progresses. These factors have considerable influence on the installation
of corrosion monitoring as oil and gas production is the major user of such
equipment.

It should be noted that there are still many deficiencies in the science
and technology of corrosion monitoring, mainly in the areas of localised cor-
rosion (pitting) and the inability to monitor at inaccessible sites such as
'downhole' (oil and gas wells) and subsea installations (satellite wells and
pipelines).

Other problems (and successes) experienced by users of equipment are
outlined in surveys (1981 and 1984) which present a broad spectrum of
industry applications2. The industries surveyed are shown in Table 19.6 and
summaries of the findings of these surveys are shown in Tables 19.7 and 19.8.
It is interesting to note that some of the problems highlighted in the 1981
survey had been considerably improved by the time of the 1984 survey.

Plant designers are well supplied with corrosion data by materials manu-
facturers. These data are based on both experience and laboratory studies,
but the information is usually based on specific parameters such as concen-
tration of chemical or temperature. Edeleanu3 has emphasised this problem



Table 19.6 Response rate by industrial sectors in the 1981 corrosion monitoring survey

Response

Oil and gas production
Oil treating
Chemical/petrochemical
Industrial boiler plants (excluding CEGB)
Industrial cooling water systems
Gas distribution
Electricity generation
Pipelines
Mining
Process plant contractors
Miscellaneous

Total

8/22
6/20
9/11 (5/5O)*
2/4
2/10
0/5
3/7
0/1
2/5
1/5
5/20

38 responses total

36%
30Vo
82%
50%
20%

43%

40%
20%
25%

35%

* Five additional responses from a blind survey of SO companies.

Table 19.7 Summary of the findings of the 1981 corrosion monitoring survey

Varied response
Widespread concern with the significance of the results and their interpretation
Ruggedness and reliability problems with equipment
Concern with intrinsic safety of equipment
Where corrosion monitoring is successful, several techniques are almost always in use
Widespread interest in new techniques
Universal use of NDT (especially ultrasonics and radiography

Table 19.8 Summary of the findings of the 1984 corrosion monitoring survey

Increased awareness of the need for corrosion monitoring requirements to be considered at
the plant design stage

Expanded use of corrosion monitoring in many companies
Greater appreciation of the qualitative nature of corrosion monitoring data and the need to

learn by experience
Improved reliability of equipment, but much still to be done
Maintenance costs often too high
Desire to go more automatic and on-line
Awareness that system installation is expensive
Continuing interest in new techniques

with regard to stainless steel corrosion in sulphuric acid. Although the
designer may select the correct choice of steel, it is certain that many times
in the life of the plant, changes in concentration and/or temperature (as well
as other parameters) will occur with a consequent increase in the corrosion
rate above that anticipated.

Considerable corrosion monitoring is carried out utilising invasive
methods, i.e. where the corrosion sensor is required to penetrate the pipe
or vessel wall. Avoidance of penetration using non-invasive' methods (thin
layer activation, ultrasonics, radiography and magnetic fingerprinting) is
receiving considerable developmental attention.

No one method for corrosion inspection is sufficient in itself and it is
extremely dangerous to rely on data provided by one method only. A study
is required of all methods available and the most suitable then chosen —



usually two or three methods are necessary. These are then used and addi-
tional methods can be called upon to supplement data if excessive corrosion
is experienced or requires verification. This principle, outlined in the pre-
vious edition of Corrosion1, was confirmed in the results of the surveys
described above, i.e. an integrated system for corrosion monitoring and
inspection achieved most of the objectives required2.

Since 1976, two conferences have been held in London solely addressed
to corrosion monitoring (see Bibliography). In addition, the main annual
conferences devoted to corrosion in the US and UK, sponsor sessions in
corrosion monitoring and the conference proceedings should be consulted
for additional information. Also the NACE* and I Corrt Technical Com-
mittees have produced Guidance and Recommended Practices relating to
various aspects of corrosion monitoring (see Bibliography; also details in
text). Several publications and composite articles describing general aspects
of the subject have been published since 19764"9.

Several economic benefits arising from the use of corrosion monitoring
have been published. An example of the savings that can be achieved relates
to an offshore oil-field in the Norwegian sector10. Carbon dioxide corrosion
problems necessitated a chemical inhibitor programme combined with the
installation of automatic corrosion monitoring (cost $1-2 million). The
number of workovers (repairs to an oil-well), was reduced from twelve
(1981) to one (1983). Each workover cost an average of $2 million. This con-
firms the savings resulting from corrosion monitoring indicated previouslyl.

Variables Affecting Corrosion Monitoring

The shortcomings of plant testing are considerable. Variables that affect the
rate and type of corrosion are chemical composition, temperature, pres-
sure, trace compounds or contaminants, velocity, presence of insoluble
metal compounds, presence of insoluble materials (either as abrasives or
deposits), crevices, stress (both magnitude and type are important), interface
effects, phase changes (vaporising or condensing), chemical composition of
the metallurgical condition of the metal and galvanic effects11. No single
corrosion test can include all of these variables and the corrosion data
obtained should only be considered in this context. Mechanical phenomena,
localised corrosion and stress-corrosion cracking are some of the factors that
cannot be assessed with accuracy. Some sensor systems are now available
which can make provision for thermal conditions.

Selection of Inspection Points

The selection of inspection points is of paramount importance, and factors
to be considered have been outlined by Abramchuk12 as follows:

1. Abrupt changes in direction of flow such as elbows, tees, return bends
and changes in pipe size which create turbulence or changes in velocity.

* National Association of Corrosion Engineers (USA),
t Institute of Corrosion (UK).



2. Presence of 'dead-ends', loops, crevices, obstructions or other condi-
tions which may produce turbulent flow causing erosion or stagnant
flow which will allow debris or corrosive media to accumulate and set
up corrosion cells.

3. Junctions of dissimilar metals which might promote severe galvanic
(bimetallic) action.

4. Stressed areas such as those at welds, rivets, threads or areas that
undergo cyclic temperature or pressure changes.

Selection of inspection points therefore, should be based on a thorough
knowledge of process conditions, materials of construction, geometry of
the system, external factors and historical records. Some of these factors
may not be present, for example, when new plant is commissioned. There
is greater knowledge now available concerning hydromechanics of fluid
flows which should be considered when installation is planned.

Oil and gas streams require additional consideration regarding the phase
to be monitored, i.e. water or oil stream, which in turn, will depend on the
objectives of the monitoring, i.e. metal loss and/or optimisation of corro-
sion inhibitor addition. Factors to be considered are:

(a) Top, middle or bottom line monitoring?
(b) Flow regimes existing in pipeline or vessel?
(c) Presence of different phases?

Access, Fittings

ASTM G4 (latest revision) gives guidance for conducting plant corrosion
tests, and in particular, for various methods for mounting specimens
(coupons) in process plant. This standard evolved from ASTM* and NACE
Technical Committees.

Monitoring devices can be installed via standard gate-valves but these are
only suitable for low pressures.

Since the last edition of Corrosion1, there has been a trend to mechanical
insertion/retrieval devices for coupons and sensors. These devices can be
operated at pressure (whilst plant is operating), and utilise access fittings
(Fig. 19.51). The equipment can now be obtained from several manufac-
turers in USA and Europe. These systems are safer to operate compared with
probes utilising pressure glands fitted to plant via gate-valves. Consideration
should be given to adequate space surrounding an access fitting thus allowing
easy operation of the retrieval tool. Access fittings can be used for a variety
of sensing devices (coupons and electronic probes), and can also be used for
corrosion inhibitor injection using a suitable 'quill' injection nozzle.

The exposure of sensors in a by-pass stream (which can be valved off), is
an alternative way of collecting monitoring data although correlation is
required between the main-stream and the by-pass The use of a side-stream
taken either side of a choke in the main-stream can provide a useful monitor-
ing point. Traps where product streams can be condensed can offer alterna-
tive sampling systems.

* American Society for Testing Materials.



Fig. 19.51 Access fitting and retrieval tool (courtesy Rohrback-Cosasco Systems Ltd.)

Methods Available

Coupons These are usually strip, flush discs or cylindrical rods mounted in
suitable racks (inserted and retrieved at shutdown), or installed in the plant
using high-pressure access systems1'4"8. Coupons are available from several
manufacturers in a variety of materials and surface finishes and are supplied
pre-weighed.

Comprehensive guidance for the preparation and installation of coupons
is given by ASTM Method G4 (latest revision) and NACE Standard RP0775
(latest revision). Coupons can be heat-treated to represent plant material. It
is important to anneal any stress arising from cold-work such as stamping
or guillotining. Coupons can be welded for assessment of weld-corrosion
and used to assess the possibility of crevice corrosion (using plastics or
rubber bands). Photographic records provide valuable data as to the condi-
tion of coupons following exposure. Penetration of metal due to corrosion
is calculated from the weight loss assessed gravimetrically.

HOW THE PLUG IS REMOVED AND
INSTALLED UNDER PRESSURE

1. Access Fitting in service,
externals removed.

2. Service Valve installed,
retriever goes in.

3. Retriever is attached to plug.

4. Retriever extended, plug past
gate, valve closed.

5. Plug removed.



Post-exposure techniques are well documented for a variety of metals
(ASTM and NACE). A disadvantage of coupon techniques is that the
response to severe corrosion that may occur for short periods of time is not
detected because the response measured is only an average for the period of
exposure, although coupons can be withdrawn at intervals of time provided
a sufficient number are placed at the start of exposure. The important aspect
of coupons is that data obtained from their use can be used as base-line and
therefore can be used to correlate corrosion data from other methods.

Electrical Resistance Electrical resistance (ER), is the oldest electronic
method for measuring corrosion following development for industrial moni-
toring in the US in the late 1940s1'4"8. Guidance for using ER probes is
given in NACE publication 3DI70. Most of the development was initiated
by the oil industry. Instrumentation is now available from around six manu-
facturers in both Europe and the USA compared with only two in 1976.

A wire element (made of the metal of interest) is mounted in a suitable
casing and exposed to the corrosive medium, which can be either liquid or
gas. The element decreases in thickness due to corrosion and, as most corro-
sion products have greater electrical resistance than the metals from which

Corrosive
environment

Exposed
measuring
element

Element
seal
Protected
reference
element

Probe

Probe seal

Cable or radio
link

Instrument

Amplifier

Corrosion dial
Fbwer supply

Fig. 19.52 Electrical resistance probe-circuit



they were formed, an accurate measurement of the increase in resistance can
be equated with metal lost (Fig. 19.52). Temperature compensation for resis-
tance changes is provided by reference elements mounted in the stem of the
probe and protected from the corrosive environment.

A variety of elements in different geometric forms, e.g. wire, tube and
strip, corresponding to the commercial metals and alloys used in the process
plant, are available. Also a variety of casings or housings are available
depending on temperature and pressure requirements (Figs 19.53 and
19.54).

1905mm full port or 25-40mm reduced
port gate or ball valve
(customer furnished)

25-40 mm npt

Fig. 19.53 Electrical resistance probe with screw-in fitting (courtesy Rohrback-Cosasco
Systems Ltd.)

Fig. 19.54 Electrical resistance probe with retractable fitting (courtesy Rohrback-Cosasco
Systems Ltd.)

Probes require insertion and removal from plant whilst the plant is
operating and various methods for this are available (see section Access
Fittings).

Consideration should be given to the compatibility with the corrosive
environment of the probe casing materials as well as seals used in
construction.

A complete range of instrumentation is available from portable units to
automatic systems utilising many probes. Transmitter units are available
which can be located at the probe and transmit ER data into the 4-20 mA
standard instrument signal. Radio linkage from transmitter to control room
or nearby offshore platform is available commercially. A satellite link has
been used to monitor offshore platform ER probes at the onshore base10 in
a Norwegian oilfield.

The data obtained from ER probes, and those provided by test coupons,
are similar in giving an integrated or average rate, but the former has the
advantage that the data are obtained whilst the plant is operating. The time
periods can be decided by the frequency of measurement, and periods of

12 70 mm npt mounting

82 55mm-

Std length 16510mm

12 70mm

12065mm 7620
mm

B dim

A dim



changing corrosion rate can be detected and measured whilst the plant is
on-stream. It is usual to plot the probe reading against time, the slope of the
line giving the corrosion rate at any particular time.

Pitting of the wire element increases the slope of the graph as the instru-
mentation cannot discriminate between general and localised attack. Pitting
should be suspected if an increase in slope does occur and no changes have
occurred in plant process conditions that would increase the general corro-
sion rate. Inspection of the element (another advantage in using retractable
probes) can usually confirm whether pitting is occurring or not.

A 'flush' strip element is available for use in pipelines and obviates the
necessity for withdrawal of probes prior to use of inspection vehicles. This
element design more closely represents the inner wall of a pipe or pipeline.

The ER system has been used successfully in a range of industries for
process plant monitoring. As ER can be applied in any liquid or gaseous
environment the areas of application are considerable. However, there is a
problem with ER if a conductive corrosion product is produced as is the case
with sour crude oil or gas due to the deposition of iron sulphide.

Specific applications (apart from process plant monitoring) reported are:

(a) atmospheric monitoring
(b) assessing effectiveness of cathodic protection (connecting an ER

probe to the structure being cathodically protected);
(c) automobile body corrosion;
(d) reinforcement corrosion (concrete);
(e) marine piling;
(/) aircraft

An ER probe specifically designed for assessing the effectiveness of cathodic
protection is shown in Fig. 19.55. The elements for this probe can be
machined from the actual pipeline.

Electrochemical Techniques

An overall assessment and guidance to electrochemical techniques has been
published13.

Direct Current

Potential measurement This technique* has provided valuable informa-
tion as to the condition of 'passive/active' materials, particularly in the
chemical industry1'3"5'8. Although quantitative weight loss measurements
are not obtained, measurements can be on-line and more importantly, can
be monitored using the actual plant material (in situ) as a sensor.

Choice of an appropriate reference electrode remains an enigma for 'non-
corrosion-aware' personnel-although commercially available polarisation-
resistance probes can be adapted. An interesting aspect concerns localised
corrosion in that, for some materials, localised corrosion only occurs within
characteristic potential ranges.

* Potential measurements concerning cathodic and anodic protection are excluded here.



Fig. 19.55 Electrical resistance probe for assessment of cathodic protection (courtesy SSL
Ltd.)

Potentiodynamic polarisation The characteristics of passive/active condi-
tions for metals can be readily defined using this technique14. Details for
laboratory application can be found in ASTM Standard G5 (latest revision).
Application in plant is easily performed as portable equipment (potentiostat)
is available from several manufacturers, with some models incorporating
built-in computer facilities.

Tafel plots The linear part of the anodic or cathodic polarisation log-
current and potential plot is extrapolated to intersect the corrosion poten-
tial line14. Low corrosion rates can be measured relatively quickly. Note
that resultant oxide films may be of different composition from those occur-
ring in practice owing to the several decades of current applied which may
not relate to actual plant practice. Portable apparatus including computing
facilities is commercially available for plant testing.

Polarisation resistance This technique, sometimes referred to as 'linear
polarisation resistance' (LPR), has been applied widely in industrial moni-
toring because of its ability to react instantaneously to a corrosion situation
or change in corrosion rate1'4'5'8'13"17. The limitation of the technique arises
from the necessity to have a defined electrolyte as the corrosive (the author
has seen an LPR probe installed in a dry gas-line in an oil refinery).

The method applies a small potential (usually 10-3OmV) to a test elec-
trode on either side of the corrosion potential (ECOTr). The resultant current



is plotted against potential and the slope is used to calculate the corrosion
rate. Aspects and errors arising from the use of two- or three-electrode
probes (Figs 19.56 and 19.57) have been discussed previously18"20. Recently
there have been indications that modifications (by chemical treatment) to the
probe dielectric (insulating the electrodes from one another) enable measure-
ments to be made in less conducting solutions21. The process is thought to
render the dielectric more conducting, minimising the IR drop which can be
responsible for errors in using LPR.

Cyclic polarisation This type of measurement is similar to potentio-
dynamic anodic polarisation with the difference that, following an anodic
polarisation plot, the test specimen is subjected to a cathodic stimulus, i.e.
a reverse scan14. Any hysteresis, i.e. deviation from the anodic plot, can

Two
electrode

Three
electrode

Fig. 19.56 Two- and three-electrode polarisation probes (courtesy Rohrback-Cosasco
Systems Ltd.)

Standard probe body from
cadmium-plated mild steel
(other metals available on
special order)

25 4mm npt
Viton A gaskets

Moulded Viton A
surface

Each probe furnished with
one set (3) M-620 5 mild -
steel replaceable electrodes
and gaskets

•14-29 mm

MIL electrical
fitting

normal thread
engagement

381mm Probe assembly
47-6 mm for M-620 SMS
electrodes (dimension
will vary for other
materials)

Bottom view

Fig. 19.57 Polarisation probe-three-electrode in screw-in fitting (courtesy Petrolite
Corporation)

'Flush



indicate a tendency for localised corrosion such as pitting. This method is
widely used in the laboratory mainly for specifying corrosion properties of
new alloys. With availability of portable potentiostats (plus computer data
and plotting facilities), these measurements can be made in situ in process
plant. Practices for carrying out these tests are given in ASTM G61. There
is some controversy regarding this technique.

Galvanic current Measurement of the galvanic current between two differ-
ent metals can be easily measured using a zero resistant ammeter1'4"8. This
method can have specific application, e.g. to provide a signal indicating
failure of a protective coating in a process vessel. Commercial probes are
available for industrial monitoring.

Measurements of current using 'same-metal' electrodes are utilised for
electrochemical noise' measurements (see section below).

Alternating Current

Electrochemical noise This is a non-perturbation method and is defined as
random low frequency low amplitude fluctuations either of the potential or
current in a corroding system. Analysis of the corrosion potential noise can
provide information relating to both the mechanism and kinetics of the cor-
rosion occurring4'9'22'23. The method has been applied to industrial moni-
toring in power generation plant, cooling water systems and reinforcement
in concrete, and the method can provide information concerning localised
corrosion and loss of passivity.

The corrosion process is observed as a series of events which all contri-
bute to the overall corrosion rate. Measurement of rest potential fluctuations
between two identical electrodes of potential fluctuations with respect to a
fixed reference can be carried out. The electrochemical noise output spec-
trum is analysed using digitised data. The interpretation requires electro-
chemical expertise, and the method is therefore usually provided as a
specialised service.

Development of this technique by CAPCIS (UMIST, Manchester, UK),
has led to an instrument system utilising several electrochemical techni-
ques (d.c. and a.c.) from a multi-element probe. Electrochemical noise was
able to operate in an acid-condensing environment with small amounts of
liquid22. The combination of data using several electrochemical techniques
enabled identification of the corrosion mechanism in this application.

Impedance Some of the errors arising from the use of linear polarisation
resistance led to interest and development in a.c. systems.4'9'13'24"26. An
early development used a fixed a.c. frequency and a commercial instrument
was produced in the UK. Inaccuracies still occurred, however, and were due
to the electrode impedance which is fequency dependent. Electrode reactions
have a capacitance component, in addition to resistance, resulting in a
requirement to measure the impedance. However, the total impedance com-
prises values for the reaction, solution, diffusion and capacitance. Measure-
ments at different frequency are more reliable, particularly where high
solution resistances occur. Simplifications for industrial monitoring have
been developed consisting of two measurements, i.e. at a high (10 kHz) and
low frequency (O-1 Hz). The high-frequency measurement can identify the



electrolyte resistance and the other measurement relates to the corrosion
process.

The advantage of the method is that measurements can be made in more
resistive corrodents (crude oil and concrete) compared with linear polar-
isation measurements. However, corrosion expertise is required for both
operation and interpretation, and most industrial applications, therefore,
are provided as a specialised service.

The method is referred to as 'electrochemical impedance spectroscopy'
(EIS), by Mansfield13.

Hydrogen

The hydrogen pressure-probe for detection of corrosion-produced hydrogen
in industrial plant has been described1'4'5'27. Since 1976, other manufac-
turers have produced equivalent versions of this probe type. Developments
since 1976 have led to vacuum probes28, and the 'patch pressure probe'
where a saddle of steel is welded to the outside of the pipe or vessel and a
suitable pressure gauge mounted in the saddle29, thus avoiding penetration
of the pipe wall. Electronic instrument systems are now available using a
portable electrochemical cell that can be strapped to the pipe wall.30"31. A
solid electrolyte probe which overcomes problems arising from using cor-
rosive acids (required as the electrolyte medium) is available32. These elec-
tronic probes work by oxidising hydrogen atoms on a fixed potential surface.
All the above systems for monitoring the presence of hydrogen have given
good performance in industrial applications. However, correlation with
actual corrosion is not always easy and, at best, can only provide qualitative
information. Guidance related to hydrogen probes is provided in NACE
document ICI 84.

Thin Layer Activation

Thin layer activation (TLA) has a long experience in monitoring or measur-
ing wear and erosion. A small quantity of radioisotope tracer is introduced
into the metal surface which can be either a coupon or component. Metal loss
due to corrosion (provided the corrosion product is non-adherent) can be
detected remotely with high sensitivity2*8'33.

A number of industrial applications have been described including suc-
cessful subsea installation34. Double layer activation has been used in the
laboratory for estimation of both shape and growth of pits in stainless steel.
Advantages of TLA are that (a) the concept is easily understood, (b) inter-
pretation is relatively easy and (c) the system installation can be non-
invasive.

Test Heat Exchangers

Test heat exchangers can be fitted to side-stream circuits in process plant
which simulate actual temperatures existing in the plant35. Condenser tubes
can be removed and corrosion assessed.



Spool Pieces

Small lengths of piping (approx. 1 m in length) can be fitted to plant using
appropriate flanges and can provide valuable data as to plant corrosion
characteristics. The spool can only be removed at shut-down. An alternative
procedure is to install the spool on a by-pass loop.

Chemical and Bacteriological Analysis

The contribution to corrosion monitoring by a well-planned chemical anal-
ysis programme is often underestimated. The most important analyses
related to corrosion behaviour are: oxygen, hydrogen, trace elements, iron,
manganese, corrosion inhibitor, other treating chemicals (biocides/oxygen
scavenger), and pH. Guidelines for iron analysis (counts) in oil and gas pro-
duction are given in NACE Standard T-1C-7 (latest revision).

Sampling points for analysis should be planned in order to give the whole
record of analysis, e.g. in oil production from the well via processing faci-
lities to the export facilities. Correlation with plant parameters such as
temperatures, pressures, flow rates and, stream compositions can provide
valuable records. Emphasis on chemical analysis should be incorporated in
the design of process plant. Automatic analysis systems especially those
using ion-sensitive electrodes with recording of data are recommended.

The initiation of corrosion due to bacteria is well recognised in a number
of areas, in particular in oil production, the pulp and paper industry and
municipal waste systems36.

Testing for sulphate reducing bacteria (SRB) is expensive and time con-
suming, and considerable effort has been devoted to improve testing
methods. Guidance for tests relating to oilfield practice are given in API*
RP-38 and by the Institute of Corrosion. Methods of monitoring include
bacterial analysis (via filters), side-streams and vessels and specially designed
corrosion coupons37'38. Rapid methods for assessing bacteria include ATPt
photometry, fluorescence microscopy and radiorespirometry. However,
these methods are not regarded as suitable for routine use38. Commercial
test kits are now available for sensing bacteria-a recent test developed by
DuPont can be used for field testing and it is claimed that results can be
obtained in 15 minutes39. The Robbins device37 comprises a 25mm
diameter pipe (stainless steel) with a series of carbon-steel studs — any sessile
bacteria will deposit on the studs and can be quantitatively recovered and
analysed. Variations of the Robbins device are commercially available for
insertion into plant using standard access fittings.

Inspection

Visual Inspection and Mensuration This is regarded by Abramchuk12 as
so fundamental that it should be a logical prelude to most other inspection
methods. A properly executed visual inspection can:

* American Petroleum Institute.
t ATP = Adenosine Triphosphate.



1. assist in failure analysis;
2. indicate the need for further exploration;
3. help to define the search area if further exploration is warranted;
4. aid in suggesting techniques for further exploration.
5. aid in determining the measures needed to prevent the recurrence of

damage to equipment, or else minimise it;
6. reduce the possibility of installing faulty fabrications by ensuring that

the right materials and procedures are used and that workmanship is of
the proper quality.

Obvious signs of possible damage can include rust staining, bulging,
cracked or distorted insulation, and hot-spots that are indicative of possi-
ble corrosion damage. The value of visual observation has been empha-
sised by Hobin40 with a caveat concerning direct eye observation regarding
access, fatigue and variability. Internal inspection can only be carried
out when plant is shut down, but can determine the condition of many
components.

The equipment utilised can range from simple types, such as callipers, pit
gauges, scrapers, mirrors and magnifying glasses and endoscope systems,
to complex equipment utilising miniaturised TV cameras and fibre optics.
Description of devices used for inspection in the nuclear industry are
described by Kovan41. Mechanical gauges (using spring-loaded feelers) for
recording corrosion inside oil or gas well tubing have been marketed for
many years. Although there are some disadvantages (restriction to off-line
and damage to corrosion inhibitor films), much useful data can be obtained
from these instruments.

Ultrasonics Use of ultrasonics involves the transmission of very high fre-
quency sound waves through the metal whose thickness needs to be
known1'2'4'40'42'43. An advantage of this technique is that access is only
required to one side of the vessel or pipe wall (Fig. 19.58). A short burst of
energy is transmitted via a transducer probe into the metal using the pulse-

Fig. 19.58 Ultrasonic pulse-echo for estimation of wall thickness
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echo system. The time taken for the sound to traverse the thickness of metal
and return to the probe is usually displayed on an oscilloscope although
digital read-out of metal-wall thickness is generally provided.

Modern thickness-gauging instruments are portable, measuring thick-
nesses from 1 -O to 300-Omm to an accuracy of ±0-1 mm42.

A problem associated with plant inspection is the coupling of the probe
to the metal under examination. The exterior surface of plant can be covered
in rust which causes problems in coupling the probe to the metal and results
in spurious and inaccurate results. Often operators move the probe to an
area where adequate coupling is obtained, circumventing the real objective
of the measurement. It is often impossible to obtain any coupling on severely
corroded steel surfaces, e.g. the interior of flash distillation plant chambers.

Temperature can destroy the piezoelectric properties of the probe,
although techniques for cooling probes (delay blocks), and development of
temperature-resistant piezoelectric materials, are extending the temperature
range. Differences of up to 5% in thickness can occur between hot and cold
readings.

Surface preparation before measurement is important, as sound travels
about twice as fast in steel as in paint. Many years accumulation of paint can
indicate a thicker steel wall than actually exists.

Pitting and other forms of localised corrosion are not detected easily,
requiring complex equipment with separate probe assemblies for resolu-
tion of pits. Although there are shortcomings with corrosion measurement
using ultrasonics, the contribution of the technique in an overall corrosion
monitoring programme is considerable. This was confirmed in the surveys of
users of equipment2. The use of ultrasonics, combined with computer data
handling and display has assisted not only in the inspection process but in
overall record keeping.

The availability of the microprocessor has led to the development of multi-
probe assemblies designed for specific applications, e.g. trolleys containing
many probes used for inspection of oil-tank floors and sides of storage tanks
and marine vessels. The incorporation of multiprobes in crawler-vehicles
that can traverse vertical walls (oil storage tanks and ships hulls) can result
in considerable savings, e.g. erection of scaffolding, compared with conven-
tional hand monitoring.

Developments using ultrasonics related to corrosion detection have been
'zinscan' (digitally-based system with a scanning rig), and T-scan' (system
incorporating a programmed scanning pattern using magnetic tape for
storage and projection of images). The latter has been adapted for corrosion
inspection of subsea pipelines. An ultrasonic probe has been developed for
condenser tube inspection using a mirror to direct ultrasound to the tube wall
from a probe that is passed through the tube. Inspection can only be carried
out off-line.

The availability of probes that can be welded to the outer walls of piping
or process vessels providing on-line thickness measurement is an interesting
development which would seem to bridge the technologies of corrosion
monitoring and inspection44.

Ultrasonics has been utilised in several versions of pipeline inspection vehi-
cle (see section below). The use of ultrasonics for detection of hydrogen
damage in steels has been reported45"46.



The use of electromagnetic acoustic transducers (EMAT) obviates the
coupling problems already referred to, and has been applied successfully to
the inspection of boiler tubes. Ultrasonic time of flight diffraction (TOFD),
developed by the Harwell Laboratory47, is utilised to 'fingerprint' flaws
(cracks) in process plant. Subsequent examination at, say, six month inter-
vals can indicate any growth or extension of the crack. It is claimed that
changes in crack height of 0-5 mm or less be estimated.

An overall assessment as to the reliability of inspection techniques (NDT),
including ultrasonics, is given by Silk48.

Radiography With its background of success in detecting weld defects and
cracks, radiography (using X-rays or gamma-rays) can successfully reveal
generalised and localised corrosion in plant1'2'4'40'42'43. Advantages are that
pipe lagging need not be removed and permanent records are obtained which
permit comparison with subsequent exposures. Several boiler tubes, for
example, can be examined using one radiation source and spot checks can
be made to units on-stream. Disadvantages are the radiation hazards, the
time required to complete exposure, and the fact that access is required to
both sides of the item to be examined.

Developments have included television fluoroscopy (allowing imaging in
real time), X-ray tomography (using a computer programme to calculate and
display an X-ray image absorbed in different directions) and flash radio-
graphy (short pulses of X-rays). Flash radiography has proved useful in
detecting corrosion under pipe lagging49.

Eddy currents The examination of non-ferrous tubing using external coils
is a well-tried and successful inspection technique, owing mainly to the
pioneering work of Forster in Germany. The adoption of this method for
in-situ inspection of condenser tubes, by mounting eddy-current coils in
probes (or bobbins) that can be inserted in condenser tubes, was a logical
development of the technique. Suitable apparatus was developed in the
immediate post-war period more or less independently by several oil and
chemical companies. The principle of operation has been described in the
literature1'4'40'42.

In-situ inspection is concerned with corrosion in its many forms, such
as pitting or more general attack and thinning. The double-coil probe,
however, does not provide any output if general uniform thinning should
occur in a length of tube exceeding the probe length. This can be overcome
by winding a different coil or coil factor and the centre pole-piece may be
moved to obtain a magnetic impedance between coils of equal numbers of
turns.

Probes are available for a wide range of alloys and tube sizes, ranging
from 6-3 mm diameter to around 50mm diameter, which are suitable for
tubes from 11-1 mmo.d. x 1-8 mm wall thickness to 57 mm o.d. x 1-6 mm
wall. The probe is propelled through the tube by either winching or com-
pressed air. Large and small holes, pits, larger areas of localised attack and
cracks are easily detected. In addition, areas of selective attack such as
intergranular corrosion or dezincification can be identified. An example of
a tape recording artificial defects in a standard 25 • 4 mm o.d. x 2 • 6 mm wall
thickness (Type 316L) stainless steel tube is shown in Fig. 19.59.



Fig. 19.59 Artificial defects in stainless steel tube

KEY
(1) 50Vo wall reduction. (2) 10% wall reduction. (3) Circumferential slot O-254 mm
wide x 12-7 mm 1 x 50% gauge depth. (4) Longitudinal slot O-254 mm wide x 12-7 mm
1 x 50Vo gauge depth. (5) 1-59 mm diameter through hole. (6) 1-59 mm diameter hole to 50%
gauge depth. (7) 0-78 mm diameter through hole. (8) 0-78 mm diameter hole to 50% gauge

depth

Most eddy current equipment is custom designed for a particular applica-
tion. Signals can be digitised allowing computer signal processing. Many
materials can be tested, and they include copper, cupro-nickel alloys,
brasses, stainless steels, zirconium, zircaloy, tungsten, molybdenum, lead,
beryllium and titanium. It is usual to check the calibration of the instrument
with a tube having calibrated defects. The baffles supporting the condenser
tubes may mask any corrosion occurring close to the baffles.

Infrared Methods Commercial instrumentation for recording infrared
radiation has been available for some years and has been explored by the
electrical power industry in the UK for assessing corrosion in boiler tubes at
power-station shut-down. An external heat source is played onto the outside
of boiler tubes at the same time as cold water is circulated inside the tubes.
Hot spots due to poor heat conductivity caused by excessive corrosion pro-
duct indicated areas of high corrosion.

Acoustic Emission Acoustic emission (AE) describes the technique in
which sound generated by a metal under stress can be detected4'40'42. The
method can provide indication of cracking or other defects in process equip-
ment. Advantages of the technique are applicability to on-line monitoring
(claims that cracking can be detected and arrested on-stream have been
made) and that tests can be made relatively quickly. The equipment required
has been described by Halmshaw42 who indicates the controversial claims
for this technique. There is no doubt that successful applications of AE are
now being reported for corrosion detection, in particular an application
regarding stress corrosion cracking42. AE is provided as a service by spe-
cialist firms.



Magnetic saturation This method has been adopted for several versions of
intelligent vehicle (instrumented devices that are propelled through pipelines
to assess both internal and external corrosion, see section below). Magnetic
flux exclusion (MFE) has been used for detecting pitting in oil storage tank
floors by the Harwell Laboratory50. The instrument specification required
that reliable indication be given of any underfloor corrosion pit in carbon
steel plate a diameter greater than that produced by a 120° cone penetrating
3 mm into 6 mm plate.

Intelligent Vehicles (for pipelines) The oil and gas industry has for a long
time used devices which are passed through pipelines (propelled by the pro-
duct being transported) for (a) cleaning the interior of pipelines and removal
of paraffin waxes and (b) pipeline inspection using photographic, TV and
mechanical gauging equipment1'4'51*52.

The consequences of high pressure pipeline failure can be catastrophic
(occurrences have been recorded in both the USA and eastern Europe), and
much effort has been devoted to the development of intelligent vehicles or
PIG (PIG = pipeline inspection gauge) using various NDT techniques for
inspection. A recording of data is made during a pipeline run, data within
specification is discarded, and the tapes analysed at a base computer53'54.
Reliability and confidence in those vehicles is continuously improving and
they will be utilised to a greater extent in the future because of more stringent
legislation being applied to pipeline operators in several countries. Factors
to be considered are the products in the pipeline (gas/liquid), facilities for
loading and retrieval of the vehicles (called pig-traps), condition of line prior
to inspection (dents or damage that would prevent passage of the vehicle),
economics and size of pipeline.

The British Gas version uses magnetic saturation, and can identify corro-
sion on both internal and external pipe surfaces. The specification for
seamless pipe is:

Detection sensitivity Sizing accuracy
General corrosion 0*2/ ±0• It
Pitting corrosion 0-4/ ±0-1/

where t = nominal pipe wall thickness (seam welded pipe), and pitting corro-
sion is defined as corrosion affecting a surface area of pipe contained within
a square of dimensions 3t x 3/.

Intelligent vehicles have been developed with arrays of ultrasonic probes
for pipeline inspection— one commercial version contains 512 ultrasonic
sensors.

Under development are intelligent vehicles for crack detection. An elastic-
wave version (developed by British Gas and the Harwell Laboratory) is cur-
rently being evaluated in a test-loop. This vehicle has successfully detected
stress-corrosion cracks in the test-loop. The Gas Research Institute (USA)
is sponsoring development work with intelligent vehicles at the Battelle
Columbus Division (Ohio). Facilities for testing vehicles were commissioned
in 199152.



Industry Requirements, Philosophy and Case Histories

Oil and Gas Production This sector is a major user of corrosion monitor-
ing equipment, in particular for offshore fields where ramifications of corro-
sion and consequent maintenance are far more serious and costly compared
with onshore production. Carbon steel is used for approximately 70-80%
of production facilities. The development of a field is assessed on a defined
corrosion risk which may not be correct, leading to serious corrosion. In
addition, a reservoir may become more corrosive as the field is extracted
owing to (a) increased water content, and (b) eventual 'souring' of the field
(hydrogen sulphide production).

As well as corrosion in oil and gas streams, there are other applications
such as various water circuits and injection of treated sea-water into the
reservoir.

The structures used (platforms) require monitoring in addition to sub-sea
pipelines, satellite wells and other equipment (e.g. manifolds) on the sea
floor. Corrosion inhibitors are widely used in internal-streams (from the
reservoir and many of the downstream operations). Corrosion monitoring
can provide valuable data for assessing the effectiveness of the inhibitors
used and for optimising dosage rates.

User experience of monitoring techniques in oil and gas production has
been reviewed55 and indicates success and failure for the same methods by
different operators. A survey of current monitoring practice in UK offshore
fields has been published56, and other experience related to oil/gas produc-
tion has be reported57'58. A draft document has been prepared by CEA
Task Group E2-5 providing guidelines for monitoring sea-water injection
systems.

Oil Refining Substantial corrosion monitoring is used in oil distillation
and other refinery units. Refineries are major users of corrosion inhibitors
depending on the processes and materials adopted. The utilities necessary for
the refinery operation, e.g. steam and cooling water, also require monitor-
ing. Miller59 has provided a review of one particular company philosophy
regarding corrosion monitoring in oil refining. Loushin60 has outlined the
benefits from computer application in the overall monitoring and inspection
programme.

Chemical and Petrochemical Production One of the earliest applications
for corrosion monitoring is in chemical and petrochemical production. In
contrast to the oil industry, more exotic metallurgy is used requiring different
monitoring data, e.g. monitoring of potential for stainless steel to indicate
passivity or activity. Localised corrosion is a common mode of failure and
still presents a challenge to monitoring technology. Chemical plants also
have large requirements for utilities, e.g. steam and cooling water. Case
histories in chemical plant monitoring have been published4'61"64.

Boilers Plants always experience corrosion problems with boilers, and
monitoring of corrosion has always presented a challenge relating to both
access and simulation of exact conditions, e.g. condensation conditions.
Applications in the monitoring of condenser tubes have been reported65"66.



Industrial Cooling Water Systems Waters used for recirculating cooling
systems can either be scaling or corrosive. Corrosive waters are treated with
corrosion inhibitors which require monitoring for overall assessment of the
treatment programme.

Pipelines Pipelines carrying wet gas and crude oil present a corrosion
hazard and are protected accordingly by coatings and/or inhibitors. Limita-
tions of corrosion monitoring arise from sampling, in relation to the sam-
pling and interval, and access problems for subsea pipelines (major trunk
lines).

The use of inspection by intelligent vehicles which are sent through pipe-
lines is increasing but is still limited to inspection only with long intervals
between each inspection (1-3 years). The performance of these intelligent
vehicles is dependent on the type of vehicle utilised.

Civil Engineering The corrosion of concrete reinforcement (rebar) is a
serious problem which is attracting much research effort. Solutions being
examined include epoxy coatings, exotic metallurgy and/or adoption of
cathodic protection. Monitoring and inspection is a major challenge in this
area, as is the monitoring of the effectiveness of the chosen corrosion preven-
tion method. Most major civil engineering structures may be affected. A
review of techniques for monitoring corrosion of rebar in concrete has been
published67. A state of the art survey of possible, methods for monitoring
rebar in concrete concluded that electropotential measurements were the
only practicable NDT aid to diagnosis of corrosion in the field68.

Miscellaneous There are many interesting applications that arise from
time to time that are outside the main stream of industry described above.
Examples include: desalination plant; reactor cooling water circuits; auto-
mobile body corrosion (in situ); marine (vessels, piling, harbour installa-
tions); aircraft (in situ); packaging; and cavitation monitoring.

Future Developments

A thrust can be expected in development of the electrochemical methods
(reliability, operation and interpretation), TLA and custom-built NDT
systems for specific requirements. The disadvantage of using separate sen-
sors rather than the actual plant has been stated. Methods that can use plant
for data are required, and developments in magnetic finger-printing may
contribute here.

The use of expert systems combined or in conjunction with corrosion
monitoring and inspection techniques will provide an attractive synergistic
approach to the control of corrosion in process plant in the future60, pro-
viding the corrosion monitoring techniques used are reliable and sufficiently
rugged for industrial use. The inability to monitor corrosion in inaccessible
areas (oil/gas-well tubing) and for specific applications (corrosion under lag-
ging) are examples of deficiencies in the overall technology.

C. F. BRITTON
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19.4 Inspection of Paints and
Painting Operations

Improvements in process and quality control made significant contribu-
tions to the transition from iron to steel as the major ferrous construction
material over a century and a half ago. For most of that time red lead was
relied upon, and not without a remarkable degree of success, as the rust-
inhibitive pigment in anti-corrosive paints. In the last twenty years, however,
there has been a similar dramatic change from such simple paints as red lead
to synthetic polymer coatings which have as complex a technology as steel
manufacture itself.

Improved processes and quality control have helped to establish these
new coating materials but the care necessary for successful use has to be
appreciated. Sections 11.1 and 11.2 have shown how necessary it is to remove
millscale before coating and how scale-free surfaces may still retain seeds of
further corrosion even when apparently cleaned well. The percentage of
premature failures with sophisticated systems is still high, even on apparently
well-prepared surfaces and there is a strong case for effective inspection at
each stage of coating operations.

Painting of Structural Steel

It is not always easy to apply the concepts of quality control which have
become routine on coating production lines to single structures. For
instance, in ordinary steelwork fabrication shops the service conditions for
which a significant proportion of the throughput is required, simply do not
call for high performance systems to be applied. This generally means at least
two levels of quality in one works. The problem is further complicated by
the multiplicity of techniques involved and the near-uniqueness of every steel
design. Nevertheless, many conditions of environment, use, maintenance
and safety, exist where it is essential to produce long-life protective coating
for structural steel. Only by continuous inspection of surface preparation
and coating application, however, can high performance from modern
systems be achieved with certainty.



Case Histories and Cost

To illustrate the above, consider two case histories1 where no specialist
inspection was provided.

Figure 19.60 illustrates a steel surface which should have been blast
cleaned to a high standard before being coated at works with a zinc-rich
epoxy primer and on site with two-pack intermediate and finishing coats.
After exposure for 18 months in a marine environment, flaking millscale
from beneath the paint was observed, and a survey showed that the paint

Fig. 19.60 Rusting surface after marine exposure for 18 months; no inspection during the
coating process

Fig. 19.61 Same section shown in Fig. 19.60 photographed 4 years after remedial work; full
inspection during recoating on site



film thickness varied between 50 and 140/mi. Some parts had not been
primed. Although the remedial re-blast cleaning of all surfaces had to be
carried out in-situ, and a suitable system applied, the resulting protection
(Fig. 19.61) after exposure for 4 years was still of the high order expected.
The only difference between the two contracts was that full-time specialist
inspection was given at every stage of the site remedial work.

Figures 19.62 and 19.63 were taken at the time of investigation into
a failure of 10Ot of steel which should have been coated with a nearly
maintenance-free system. Zinc metal spray and four coats of paint were
specified but, for reasons of economy, special measures for inspection were
not taken. Within months of erection areas were flaking off where millscale
had not been removed (Fig. 19.62) and other areas were blistering. Figure

Fig. 19.62 Result of millscale not being removed from steelwork before zinc metal spraying

Fig. 19.63 Random check of the surface of the steelwork shown in Fig. 19.62 showing the
surface completely oxidised under the coating



19.63 shows one of the many areas investigated where there were no visible
signs of failure until the whole system was removed; the dark surface in
the cut-out area represents the rusted metal found underneath the metal
spray. Subsequent investigation revealed that the steel members had been
too long to be housed completely in the workshops concerned. The blast-
cleaned surface had been allowed to stand outside overnight and had been
metal sprayed the following morning. No one had visited the works before
the order had been placed to see if the contractor would be able to cope
with this very long steelwork. The benefit of the protective system specified
had been lost for good. The compensation finally paid could never recom-
pense the owners fully as in situ repair was made very difficult by restricted
access.

Prior Inspection of Works and Site Facilities

Before a works painting or metal spraying contract for steelwork is awarded,
the workshops concerned should be inspected by qualified personnel. It is
essential that some check is made to ensure that the necessary facilities and
equipment for carrying out all the terms of the order or specification are
available. Cleanliness of the painting areas and order in the paint store
usually indicate the seriousness with which works personnel take protective-
coating operations.

Prior inspection should also be made on site to ensure scaffolding and
platforms have been erected to give the operators easy access to the work,
i.e. at the correct level to, and distance from, the surface to be treated;
temporary covers and equipment, including compressors, should be
included in the survey.

The safety of operators, the rigging of life-lines for scaffolding, and the
proper removal of dust and solvent vapours should be discussed with the
management.

Type of Inspection

The British Standard Code of Practice for protecting iron and steelwork
from corrosion, BS 5493:19772 contains a section on inspection which may
be helpful. This type of inspection is entirely unnecessary for very simple
painting schemes. In such situations an occasional visit by an inspector may
be sufficient to ensure acceptable results once initial standards of surface
preparation and paint application have been established.

For the many systems which may be specified today, some will require the
maximum level of surface preparation and demand continuous inspection at
every stage. Others will require less onerous policing. It is up to the client to
determine the appropriate level of inspection for the job and to make finan-
cial provision for this.



Quality of Inspection

This will depend partly on the experience and personal integrity of the
inspector and partly on the organisation to which he belongs. Whatever the
type of inspection ordered, the inspector himself should always be experi-
enced in the processes concerned.

The organisation behind the inspector must be sufficiently competent in
coating technology to give him the backing he requires, to answer his queries
by telephone if necessary to prevent delays (although anticipation is the
hallmark of the competent organisation) and to provide consultants to
investigate and report where necessary. Some of the larger owner organi-
sations, e.g. government departments, public utilities and major contrac-
tors do have such staff but, where a long-life protective-coating contract
is awarded, it is becoming more and more frequent for them to employ
independent inspection firms who specialise in this field and can even provide
teams of inspectors where necessary.

Independent Inspection Organisations

On its appointment to provide inspection for a coating contract, the
organisation concerned might be expected to include in their service the
following:

1. Constructive criticism of the coating specification, bringing to the atten-
tion of the client aspects that may be difficult to implement fully.

2. Initiation of preliminary discussions on the contractor's proposed
methods of working.

3. Close liaison with the coating manufacturer on materials and their use.
4. An introductory schedule showing precisely how and at what stages

inspection will be carried out and reported.

Inspection schedule It is not unusual for those who employ such firms to
ask for an inspection schedule as suggested in (4) above, prior to making
an appointment. Some large organisations lay down in general terms the
numbers of inspectors and how they require the work to be inspected. How-
ever, the inspection schedule is not only the key to what may be expected
from individual firms, it is also useful in summarising the inspector's duties
and in informing the contractor as to how his work will be checked.

Preliminary Discussions

Preliminary discussions of all those involved in each protective-coating con-
tract are essential if certain difficulties that can arise in these operations are
to be prevented. Although the ultimate client may not wish to be present, the
engineer concerned and/or his own or appointed inspectors, the main con-
tractor, steel fabricator and coating contractor, should meet to discuss and
agree action on such subjects as the following:



1. Ambiguities, inaccuracies or omissions in the coating specification.
2. Details of design which may impede or prevent the implementation of

the specification, possible changes in design or alternative treatment
for special areas.

3. The methods of inspection to be used; the instruments to be used and
pass figures have to be agreed by trial beforehand.

4. The programme for all operations, bearing in mind pot-life, recoating
intervals, approximate ageing before transport, etc.

5. Special measures to reduce coating damage during handling, trans-
port or erection and measures for maintenance of incomplete systems
stored in the open.

6. Arrangements and facilities for the testing of materials.
7. Manufacturers' data sheets.
8. Any special skills required for operating equipment.
9. The procedure and responsibility for 'stopping the job'.

10. The chain of authority with client and contractor, to be followed in
cases of difficulty.

The minutes of such a meeting should be detailed enough to be agreed by
all parties and serve as a rider to the contract.

Inspectors' Duties

Apart from his liaison, progressing and reporting duties, the inspector of
protective-coating operations has three quite distinct areas of operation:

1. The materials to be used (which includes the substrate).
2. The surface preparation of the substrate.
3. The application of the coating or coatings.

Given below are the points to watch, the measurements to be taken and
the standards for comparison, but it must be emphasised that they are for
long-life systems only.

Materials

The supplies of the specified paint, blasting abrasive or other materials
involved in the coating process should be checked to make sure that they
are adequately stored and available in sufficient quantity to permit opera-
tions to begin. Sometimes it is part of the inspection contract to sample and
check to a predetermined schedule in the laboratory that supplies are up to
specification. It is always the inspector's duty to ensure to the best of his
ability that material that he has checked in the stores is being used on his
job (see Sampling and Testing, later), and that the information on the con-
tainer labels agrees with the specification requirement. The basic substrate
offered for treatment in the case of steel will normally be subjected to steel-
work inspection, but the painting inspector has the duty to point out to the
contractor for rectification any omissions that he may have noticed, e.g.
that it should be free from pits, that it should be machined or that edges



should be radiused, that certain areas should be masked from any treatment,
etc.

Additionally the inspector should ensure that the specified measures for
removing oil and grease from the surface with water-rinsable solvent or
emulsion cleaners are implemented, and that all weld-spatter and other
asperities have been removed as a preliminary to surface preparation.

Surface Preparation

Certain British Standards, e.g. for galvanising3 or metal spraying4, contain
detailed sections on surface preparation. Others are concerned with acid
pickling but the chief method of preparing iron and steel for a long-life pro-
tective system is by blast cleaning (see Section 12.4).

The inspector's working standard for the surface finish of blast-cleaned
steel is now the new British Standard5. In the special circumstances where
absolute freedom from soluble contaminants such as ferrous sulphate is
necessary, the specification should include reference to a test for removal
of such residual salts, e.g. the potassium ferricyanide test6. The area to be
sampled should be wetted with a fine spray of distilled water and the paper
held against it. The development of blue spots on the paper indicates the
presence of ferrous salts on the surface.

Methods are available for checking on the profile of blast cleaning which
is of particular importance where a prefabrication or holding primer is used
or where the total protective system has a limited margin of thickness over
the profile height. Peaks far in excess of the normal profile (rogue peaks)
may be produced by insufficiently controlled sweep of the blasting nozzle
or by using an abrasive with excessive particle size, and the inspector has
to be aware of this. On site, surface profile can best be measured with an
ISO comparator7. Where profile is important the method of measurement
should be stated in the specification and agreed at the preliminary discus-
sions. A retained sample of the abrasive used in the process during the early
trials for setting acceptance levels in the works can be used as a standard
against which to make ad hoc checks later, or when prompted by high-profile
measurements.

It frequently happens that after surface preparation 'shelling* or other
imperfections in the steel surface are revealed. It is preferable to deal with
these by grinding or filling as necessary before any other coating is applied.

Application of Coating

Paints have their own individual data sheets, prepared by the manufacturer
as the result of extensive testing including laboratory tests, field trials and
experience in use. These instructions should be followed closely in respect of
type of application equipment, operating air pressure, tip size, pot life, cur-
ing time at various temperatures, recoating interval, etc. The inspector
should have the data sheets available at all times and refer to them.

Holiday detection or 'spark testing' may be specified in the contract with
details of the appropriate instrument and testing procedure. In certain cases,



where the conditions of service include exposure to chemicals or other hostile
environments, the test is essential.

Thickness Measurements

In the case of a paint coating the film thickness may be determined when the
film is dry or when it is still wet; both methods are described and discussed
in detail in BS 54932, but some discussion is appropriate here.

However the paint film thickness is specified in the contract, it is an
obvious advantage to all parties for the painter himself to have a means of
checking whether or not he is applying sufficient paint, and this can be
achieved for each coat by means of a wet film thickness gauge. The relation-
ship between wet- and dry-film thickness can be provided by the paint
manufacturer. Wet gauges must be used immediately the paint is applied
if they are to give reliable results. Many non-destructive instruments are
available for measurement of the dry-film thickness and in general these are
to be preferred to the destructive methods, which may however be necessary
for an official investigation or for agreed certifying tests. The main group of
non-destructive instruments employ a magnetic principle. Many of them also
contain an integral microprocessor to store readings and allow data to be
manipulated. All non-destructive instruments should be calibrated fre-
quently and regularly by the inspector, preferably using a procedure agreed
upon by the parties concerned. Film thickness is so often a source of argu-
ment that all relevant details should be decided upon during the preliminary
discussions, e.g. criteria of film thickness, instruments to be used and how
they are to be calibrated. Time spent on this will be recouped many times
over in delays avoided during the running of the contract.

Working Conditions

Good conditions of work, e.g. adequate ventilation, control of tempera-
ture, shelter from the elements, etc. which should be provided for the opera-
tors in any case, are, in the majority of coating operations, also vital to the
success of long-life systems. Appropriate conditions are now specified for
most contracts and it is for the inspector to see that they are not exceeded.
He should be provided with means to measure steel temperature, wet-and-
dry bulb hygrometer and any air-sampling instruments that may be necessary
for work in special areas or confined spaces. In particular, he will be watch-
ing for moisture, dust or debris (falling or wind-borne) which may con-
taminate painting which is in process, or before it is sufficiently dry.

Sampling and Testing

There are two ways of checking materials for a protective coating contract.
Firstly, by sampling at the point of manufacture and/or after delivery at the
coating works, and secondly by taking samples of the materials in use.



Testing of Supplies

For many government contracts and for most major projects, or where the
performance of the coating is vital, supplies of paint are often sampled at
the manufacturer's works and checked in a laboratory to ensure that they
conform to the standard specified. This may be a written standard for com-
position or performance or a proprietary paint which has been approved by
long experience or special trials.

Laboratory tests may also be carried out to test such properties as visco-
sity, specific gravity, drying time, fineness of grind, adhesion to steel and
percentages of the volatile constituent and non-resin solids. If these tests
have been carried out on a sample of the paint as originally approved, then
the results can comprise a suitable standard for any batch testing. Approved
batch numbers or passing certificates may then be forwarded to the inspector
for checking against deliveries.

Testing of Materials in Use

As already stated, it must be one of the inspector's duties to see that the
materials delivered conform to the specification, or to any subsequent
modification which may have been agreed. Similar tests to those outlined
above may be carried out, either on site or in the laboratory.

The abrasive in use should not be ignored by the inspector. He should have
a standard reference sample in order to be able to determine when the grade
is wrong or the grit is dirty.

Whatever samples are taken from materials in use, whether tested or not,
they should be preserved for a reasonable time, at least until the end of any
maintenance period under the contract.

Conclusion

It can be seen from what has been said that the technology of surface
preparation and coating application is complex. Attention to detail cannot
be ignored and every effort must be made to train painting inspectors as well
as possible. Certification schemes are, without doubt, a positive step in this
direction and should be supported.

K. J. DAY
F. G. DUNKLEY
N. R. WHITEHOUSE
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