
19 CORROSION TESTING, MONITORING

AND INSPECTION

19.1 Corrosion Testing and Determination of
Corrosion Rates 19:3

Test procedures 19:5
Laboratory corrosion tests 19:18
Electrochemical measurements 19:30
Polarisation resistance 19:37
Tests for bimetallic corrosion 19:44
Accelerated tests—electrolyte tests 19:46
Accelerated tests—simulated environments 19:48
lntergranular attack of Cr-Ni-Fe alloys 19:57
Crevice corrosion and pitting 19:71
Impingement tests 19:75
Corrosion fatigue 19:77
Cavitation-erosion 19:80
Fretting corrosion 19:83
Corrosion testing in liquid metals and
fused salts 19:84
Tests in plant 19:92
Atmospheric tests 19:94
Tests in natural waters 19:99
Field tests in soil 19:102
Corrosion testing of organic coatings 19:104

19.1 A Appendix—Chemical and Electrochemical
Methods for the Removal of Corrosion
Products 19:119

19.1 B Appendix—Standards for Corrosion Testing 19:122



19.2 The Potentiostat and its Application
to Corrosion Studies 19:133

19.3 Corrosion Monitoring and Inspection 19:154

19.4 Inspection of Paints and Painting Operations 19:179



19.1 Corrosion Testing and

Determination of Corrosion Rates*

Corrosion tests provide the basis for the practical control of corrosion and
therefore deserve a more exhaustive discussion than limitations of space will
permit. A detailed description of all the procedures and devices that have
been employed in corrosion studies in many countries will not be attempted.
Instead, attention will be directed principally to underlying principles and
to comments on the significance and limitations of the results of the test
methods that are considered. Further details may be obtained from the refer-
ences and from the comprehensive works by Champion1 and Ailor2.

Tests may be classified conveniently under three headings.

1. Laboratory tests, in which conditions can be precisely defined and
controlled.

2. Field tests (tests in real environments), in which replicate test sam-
ples of metals or alloys —referred to as test coupons or specimens —are
exposed to the actual environmental conditions expected in service, e.g.
the atmosphere, the ground, the sea, etc.

3. Service tests, in which the test specimens —which may often take the
form of manufactured components — are exposed to the particular con-
ditions in which they are to be used, e.g. in process streams of chemical
plant.

Laboratory tests, although often necessarily conducted under conditions
that are not met in service, nevertheless have a number of advantages over
the other types of tests. Because conditions can be controlled at will it is
possible to identify the separate effects of a number of factors on the corro-
sion behaviour. These factors include the type and condition of the metal
surface, the environmental composition, temperature and pressure, move-
ment of the specimen relative to the environment, time of exposure and so
on. Laboratory tests, at least in principle, also enable comparisons to be
made under identical conditions of the relative corrosion behaviour of

* Abbreviations used in the text for specifications are as follows: BS, British Standard; ASTM,
American Society for Testing and Materials Standard; NACE, National Association of Corro-
sion Engineers Standard; ISO, International Standards Organisation Standard. Further details
of English-language specifications relevant to corrosion testing are given in Appendix 19.IB.



different metals and alloys and different protective schemes, e.g. coatings,
environmental treatments, etc.

In many cases attempts will be made to accelerate the test to produce
results in a shorter period of time than might otherwise be possible in field
or service tests. Such acceleration is usually achieved by intensifying one
or more of the controlling factors. Tests might be conducted at a higher
temperature, with more corrosive media, with activation of the corrosion
process by electrochemical methods, etc., with the object of enhancing the
aggressivity of the test conditions. While accelerated test procedures are
often used, the results should always be treated with careful considera-
tion. It is not unknown for a protective system to fail to meet the require-
ments of an accelerated test, although showing satisfactory performance in
normal conditions of use. Nevertheless, a number of such tests, particularly
for atmospheric corrosion where rates of corrosion in real conditions are
often low, are accepted and correlations have been established with real
conditions.

Field tests do not have the uncertainties attached to accelerated labora-
tory tests since there is no attempt to adjust the controlling environmental
conditions. The chief problem is obtaining reproducible conditions from
one test to another. This is particularly the case with tests in the atmosphere.
While broad classes of terrestrial atmospheres have long been recognised,
e.g. tropical, rural, urban, marine, etc., difficulties remain that are asso-
ciated with variations within these classes. In the 1980s steps were taken
within ISO to rationalise the situation by producing a standard on classi-
fication of atmospheres (ISO/DIS 9223:1989). Other standards are avail-
able that provide guidance on the mounting and disposition of specimens for
field tests (ISO/DIS 8565:1987) and for the statistical treatment of results
where large numbers of specimens are used (see Reference 2 and ASTM
G16.-1984).

Service tests will be used (1) where the operating conditions cannot be
successfully reproduced in laboratory tests, (2) where the environment does
not occur naturally, (3) where real components, as opposed to test speci-
mens, need appraisal, and (4) to confirm laboratory and/or field tests.

Often, ail three types of test will be used sequentially. An example might
be in the development of a coating to protect suspension cables for use on
a bridge in a coastal region. The test programme could involve salt spray
testing of candidate treatments in the laboratory, followed by field trials
of the most successful materials at a site similar in aggressivity to the loca-
tion of the final product and eventual testing at the site with loadings and
positioning matching those of the end use. It would be expected that the
number of candidate materials would decrease through this sequence of
tests.

Irrespective of the method of test or the purpose for which it is made there
are certain practical features which require attention and which will be
necessary to achieve good reproducibility (by one operator) and repeatability
(by different operators).



Test Procedures

Preparation of Surface

When the test is to be made to predict the performance of a material in a
particular service, the ideal procedure would be to have the surface of the
test-pieces duplicate the surface of the material as it would be used. Here,
however, a complication is presented by the fact that materials in service are
commonly used in several forms with different conditions of surface. Where
the number of materials to be compared is large, it will usually be impractical
to test all the conditions of surface treatment of possible interest. The best
practical procedure, then, is to choose some condition of surface more or less
arbitrarily selected to allow the materials to perform near the upper limits
of their ability. If all the materials to be tested are treated in this way, and
preferably with uniform surface treatment, the results of the test will indicate
the relative abilities of the different materials to resist the test environment
when in a satisfactory condition of surface treatment. Then, if it should be
considered prudent or desirable to do so, the most promising materials can
be subjected to further tests in a variety of surface conditions so that any sur-
face sensitivity can be detected.

These remarks apply as well to the treatment of the surfaces of specimens
to be used in tests in corrosion research projects, except here selection of a
particular method of surface preparation is required so as to achieve repro-
ducibility of results from test to test and amongst different investigators.
Methods of preparing specimens are described in ASTM Gl: 1988 and ISO
7539-1:1987.

The final step in surface preparation should ordinarily be a cleaning and
degreasing treatment to remove any dirt, oil or grease that might interfere
with the inception or distribution of corrosion. The simplest test of a satis-
factory surface condition in this respect is for the specimens to be free from
'water break' when rinsed with water after cleaning. As a final treatment
for specimens to be weighed prior to exposure, a dip in a mixture of water
and acetone or of alcohol and ether will facilitate quick drying and avoid
water-deposited films. Specimens to be stored prior to weighing should be
placed in a desiccator which, in best practice, should be sealed without
grease3.

In addition to the preparation of the principal surfaces of the specimen it
is essential to machine or grind any cut or sheared edges, since these could
become sites of preferential attack. As a general rule, edge effects should be
kept to a minimum by using specimens in which the ratio of surface area to
edge area is large. With flat specimens a disc is best from this point of view,
but other shapes may be more convenient and acceptable in many practical
instances. When mass loss is to be used as a measure of corrosion, precision
will be improved by providing a large ratio of exposed area to mass, and thin
flat specimens or fine wires have obvious advantages.

For accuracy of weighing, it is usually necessary to restrict the dimensions
of specimens to what can be accommodated on the common analytical
balances. It must be borne in mind that where attack occurs in the form of
a very few pits or in crevices under supports, the extent of this localised



attack may be determined by the total area of the test-piece, as it estab-
lishes the area of passive metal acting as a cathode to the few anodic areas.
Thus, larger specimens, or the much larger surfaces that will often be
involved in field or service tests, may give rise to much more severe localised
attack under nominally the same conditions of exposure.

In certain tests it is sometimes desirable to eliminate any effects of a
mechanically achieved surface condition by chemical treatment or pickling
of the surface prior to test. This may be done in a pickling solution; alter-
natively, the test itself may be interrupted after sufficient corrosion has
occurred to remove the original surface, the specimen then being cleaned and
reweighed and the test started over again. Wesley4 found it to be desirable
to pickle off about O-008 mm from the surface of specimens in acid to
improve the reproducibility of the tests.

With materials like the stainless steels, which may be either active or
passive in a test environment, it is common practice to produce a particu-
lar initial level of passivity or activity by some special chemical treatment
prior to exposure. With stainless steels this objective may be subsidiary to
eliminating surface contamination, such as iron from processing tools, by
treatment in a nitric acid solution which might also be expected to achieve
substantial passivity incidental to the cleaning action (ASTM A380: 1988).

In studies of the behaviour of materials that may be either active or passive
in the test environment, there would seem to be a real advantage in starting
with specimens in an activated state to see if they will become passive, and
to ascertain how fast they are corroded if they remain active. If passivity
should be achieved after such an activated start, the material can be con-
sidered to be more reliable in the test environment than would be the case
if by chance it managed to retain an originally induced passivity for all, or
most of, the test period. It may also be valuable to know how fast the metal
will be corroded by the test medium if activity should persist.

A procedure for testing previously activated specimens applied in studies
of titanium was described by Bayer and Kachik5. Renshaw and Ferree6 also
employed prior activation in their studies of the passivation characteristics
of stainless steels.

In many cases there will be a need to test metal-coated specimens, e.g.
galvanised steel, tin-plated copper, nickel-plated zinc, etc. It will then be
necessary to test specimens in the completely coated condition and also with
the coating damaged so that the basis metal is exposed. The latter condition
will provide the conditions for galvanic action between the coating and the
basis metal. With sheet specimens this condition is most readily achieved by
leaving cut edges exposed to the test environment.

There may also be a need to consider the performance of pre-corroded
test specimens. Apart from the fact that these conditions frequently arise in
service it is also important for two other reasons. First, the presence of cor-
rosion products or other surface layers may affect the access of constituents
of the environment to the underlying metal surface-where the corrosion pro-
cess occurs —and, second, in the case of alloys some pre-corrosion may lead
to compositional changes in the surface. These factors should be taken into
account in the application of any test method.



Marking Specimens for Identification

The simplest way to identify a specimen is to mark it with letters or numbers
applied by stamping with a stencil or number punch. There is, of course,
always the danger that the identification marks will be obliterated by corro-
sion. To guard against this, the several specimens in a test should be iden-
tified further by a record of their positions relative to each other or to their
supporting device. Before specimens are taken from test their identity should
be established in this manner unless inspection has already shown that the
identification marks have been preserved.

Other means of identification can be used on specimens exposed to atmo-
spheric corrosion. For example, where stamped letters cannot be expected
to persist, identification may be provided by holes drilled in particular posi-
tions, or by notching the edges of specimens in particular places both in
accordance with a template. Where severe corrosion is encountered, the
identification by drilled holes is more permanent than that achieved by
notching edges.

Other means of identification sometimes used satisfactorily involve
chemical etching of the surface (not to be generally recommended), or the
formation of letters or numbers by means of a vibrating stylus. The former
is advantageous in studies of stress-corrosion cracking in which stamped
symbols could lead to regions of stress concentration.

Number of Replicate Specimens

Practical considerations usually limit the number of replicate specimens of
each kind that can be exposed for each period of test. At least two are recom-
mended for obvious reasons, and if a larger number can be accommodated
in the programme more valuable results can be secured —especially when it
is desired to establish the reality of small differences in performance. For
statistical analysis, five replicates are desirable. Accounts of statistical plan-
ning and analysis are given by F. H. Haynie in Reference 2 and in ASTM
016:1984.

In providing replicates for tests to be subjected to statistical analysis, it is
necessary in the original sampling of the materials to be tested to ensure that
normal variations in those qualities of the metals that might affect the results
are represented in each set of samples. ^

In order to secure information as to changes in corrosion rates with time,
as in atmospheric exposure tests, it is necessary to expose sufficient specimens
to allow sets to be taken from test after at least three time intervals.

For preliminary tests where the number of test specimens that can be
accommodated is limited, yet numerous materials are of possible interest, it
is in order to expose single specimens. This may be more advantageous than
limiting the compositions that can be investigated by exposing half the
number of materials in duplicate. Probably the greatest advantage in expos-
ing two specimens of a material instead of only one is in detecting gross
errors, as in weighing, etc. rather than in any considerable improvement
in the precision of the observations that may be made as to the relative
behaviours of the metals tested.



Test of Fusion Welds

In view of the widespread use of welded joints in equipment and struc-
tures exposed to corrosion, it is necessary to know whether such welded
joints will demonstrate satisfactory resistance to attack. It is not necessary
to include welded specimens of all materials in a preliminary study to dis-
cover which of them have satisfactory resistance to a particular environment.
Weld tests can be postponed until the preliminary selection has been made,
or, alternatively, those materials expected in advance to be most likely to be
resistant can be exposed in the welded condition so as to expedite the final
answer.

There are several reasons for testing welded specimens. The first is to
discover whether the weld itself will resist corrosion satisfactorily. A second
purpose is to discover whether the heat effects associated with welding opera-
tions have been in any way detrimental to the corrosion resistance of the
parent metal near the weld-as in the case of the so-called 'weld decay' of
stainless steels (see Section 9.5). Since weld deposits may themselves
be subject to a weld thermal cycle, it is necessary to include cross welds
in the design of welded specimens for such corrosion tests. Further, a weld
will generally constitute a stress concentration and, unless post-weld heat
treated, will contain residual contraction stress. Thus, testing may be
necessary to generate appropriate corrosion fatigue or stress-corrosion
cracking data. The latter may follow ASTM standard G58:1985, 'Practice
for the Preparation of Stress-Corrosion Test Specimens for Weldments',
for example.

A weld bead included in a test-piece is, to some extent, peculiar to itself
and may not necessarily be representative of nominally similar welds to be
made by other welders under other circumstances. To this extent, results of
tests on welds must be subject to some qualification in interpretation, having
in mind that what will be disclosed principally will be the overall ability of
the composition of the weld metal to resist the corrosive environment. In
some cases, entrapped flux, craters, fissures, folds, surface oxides etc. may
introduce localised corrosion that may or may not occur with all welds of the
type studied (see Section 9.5).

The heat effects of welding are to an even greater extent peculiar to the
particular test specimens used. They will be influenced by the welding pro-
cess, by the skill of the welder, by the thickness of the metal welded, by the
type of joint made, and by the geometry and mass of the surrounding struc-
ture in so far as they affect heating and cooling rates and areas over which
these effects apply. Consequently, what happens to a particular welded test-
piece has questionable general significance, especially when the result shows
no apparent damage to a material known to be susceptible to welding heat
effects in corrosive environments. It should not be assumed that high heat
input during welding will represent the worst case. For example, with ferritic
steels which are sensitive to hydrogen embrittlement stemming from environ-
mental action, low welding heat input can be most detrimental because of
the formation of hardened structures in the weld area. Moreover, the possi-
ble effects of multipass welding with attendant repeated thermal cycles must
be recognised in design of a suitable test-piece.



With some materials, there are specific heat treatments that are known
to reproduce the worst effects of the heat of welding. It is recommended,
therefore, that in tests made to qualify a material for a particular service
environment, in addition to the exposure of welded test specimens in order
to observe effects of welding heat, specimens should be included that have
been given a controlled abusive or sensitising heat treatment. As an illustra-
tion, austenitic stainless steels may be held at 650-700° for O- 5-1 h, followed
by testing for susceptibility to intercystalline attack as in ISO 3651-1 or
-2:1976.

If such sensitised specimens remain as free from accelerated corrosion as
the welded specimens do, then it can be concluded that no detrimental effects
of the heat of welding need be anticipated in the environment covered by the
test. However, if the sensitised specimens are corroded while the welded
specimens are not, there will remain the possibility that, under some condi-
tions of welding, difficulties due to the effects of the welding heat may be
encountered, and appropriate action or the substitution of more reliable
compositions will be required. Having in mind the effect of time in damage
of this sort, it will be necessary to make a careful examination of the cor-
roded specimens to detect the first signs of attack before it can be concluded
that none has occurred. In assessing the significance of attack observed on
drastically sensitised specimens, it is necessary to keep in mind that no
similar sensitisation may result from good welding practice. Likewise, it
should not be concluded that attack in a specific test environment will occur
to a similar extent, or at all, in some quite different environment.

The evaluation of heat treatments or the effectiveness of stabilisation by
limiting carbon content of these stainless steels can be determined by subjec-
ting specimens to the ASTM standardised acid copper sulphate test or boil-
ing nitric acid test (ASTM A262:1986; see also Sections 9.5 and 1.3).

Duration of Exposure

The duration of a particular test is likely to be determined by practical
factors such as the need for some information within a particular limit of
time, or the nature of the operation or process with which the test is con-
cerned. Tests are rarely run too long; however, this can happen, particularly
in laboratory tests where the nature of the corrosive environment may be
changed drastically by the exhaustion of some important constituent initially
present in small concentration, or by the accumulation of reaction products
that may either stifle or accelerate further attack. In either case, the corro-
sivity of the environment may be altered considerably. Gross errors may
result from the assumption that the results apply to the original conditions
of the test rather than to some uncertain and continually changing conditions
that may exist during the course of too extended a test period.

Rates of corrosion rarely remain constant with time. More often than not,
rates of attack tend to diminish as a result of the formation of adherent
insoluble corrosion products or other protective films originating in the
environment (Fig. 19.1). Therefore, extrapolation of results of tests that are
too short is more likely to indicate a lower resistance to attack than will
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Fig. 19.1 Rate vs. time curve showing diminishing rate of attack (after Proc. A.S.T.M., 51,
500, 1951)

Test should be of sufficiently long duration to permit demonstration of
the possible protective nature of films, etc. Lengthy tests would not nor-
mally be required for materials that experience severe corrosion, although
there are cases where this is not so. For example, lead exposed to sulphuric
acid corrodes at an extremely high rate initially, while building up a pro-
tective film, then the rate decreases considerably and further corrosion is
negligible. Short tests on such materials would indicate a high corrosion
rate and be completely misleading. Short-term tests can also give misleading
results on alloys such as stainless steels that form passive films. With border-
line conditions, a prolonged test may be needed to permit breakdown of the
passive film and subsequent more rapid attack. Consequently, tests run for
long periods are considerably more realistic than those conducted for short
periods.

Where anticipated corrosion rates are moderate or low, ASTM G31:1972
(R 1985) suggests that the following equation be used to estimate a suitable
test duration:

Test duration (h) = 50/(Corrosion rate in mm/y)

For example, where the corrosion rate is 0-25 mm/y, the test should run
for at least 20Oh.

Due to the relatively slow rate of the atmospheric corrosion process, it is
recommended in ISO/DIS 8565:1987 that test exposures be on a schedule

actually be observed over a prolonged period of exposure. To this extent,
such extrapolation may be considered as conservative. At the worst, it may
lead to the use of a more resistant material or a heavier section than is
actually needed, or to the exclusion from consideration of some materials
that might be much better than the short-time test results would indicate.

I — Industrial atmosphere
M — Marine atmosphere
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such as 1, 2, 5, 10 and 20 years, depending on the corrosion resistance of
the metal or coating being tested. In some cases, total exposure of less than
2 years may be suitable. It should be noted that, especially for short-term
testing, the results may depend on the season of initiation of exposure.
Therefore, it is recommended that exposures are commenced in the period
of highest corrosivity (usually autumn).

Tests in waters and soils should ordinarily be allowed to run for extended
periods in excess of 3 years, with removals of specimens in groups after
different time intervals. A desirable schedule for any extended test in a
natural environment is one in which the interval between successive removals
is doubled each time. For example, the first removal would be after 1 year,
the second after 3 years, and the third after 7 years, and so on. On the other
hand, test periods should not be significantly longer than the process or
exposure time of the end-use requirement. The testing of inhibitors for use
if pickling or cleaning treatments should be of a period commensurate with
the practical requirement which may be for only a few minutes.

In any event, the actual duration of a test must be reported along with
the results, so that those who may wish to make predictions based on them
will have an accurate idea of the extent to which they may undertake any
extrapolation or interpolation.

Heat Treatment

Many alloys are subject to drastic changes in their response to the effects
of corrosive media when they have undergone certain heat treatments. The
principal effect of interest is a loss of corrosion resistance to some degree.
This commonly takes the form of concentration of corrosion in particular
regions or along certain paths — as in the vicinity of grain boundaries — where
phases formed by heat treatment are most likely to be concentrated. In other
instances, and particularly in castings, homogenising heat treatments may
improve corrosion resistance by eliminating 'coring' or major differences in
composition from point to point in the original dendritic cast structure. Heat
treatments that eliminate internal stresses are obviously helpful in connec-
tion with stress corrosion, but may induce structural changes that can affect
corrosion in other forms.

Heat treatments involving heating to a temperature high enough to take
harmful phases into solution, followed by cooling (e.g. by quenching) at a
rate fast enough to hold such phases in solution, may also be helpful in
improving resistance to corrosion by avoiding attack that would otherwise
be associated with a precipitated phase or compound.

Obviously, some knowledge of the possible effects of such heat treat-
ments is essential for a complete understanding of the corrosion behaviour
of an alloy. Studies along this line should follow upon the initial selection
of a material considered to be possibly useful for a particular service. Thus,
it should be tested in the condition most likely to resist corrosion. Some-
times the obtaining of this condition may require annealing at a tempera-
ture sufficiently high to take any possibly harmful phases or compounds
into solution followed by quenching to prevent them precipitating. Follow-
ing this preliminary selection, it would be prudent to carry out additional



corrosion tests on specimens that have been deliberately subjected to any
possibly detrimental heat treatments to which the material may be subjected
in processing, fabrication, or use.

Heat treatment may also affect the extent and distribution of internal
stresses. These may be eliminated by appropriate annealing treatments which
can remove susceptibility to stress-corrosion cracking. This must be explored
in any studies of the performance of materials in environments where stress-
corrosion cracking is a hazard. In particular cases, stress-relief annealing
treatments may result in the appearance of new phases which, while elimi-
nating the stress-corrosion effects, will induce another type of path of attack.
This possibility must be kept in mind in assessing the overall benefits of heat
treatments applied primarily for stress relief.

In other instances, heat treatments involving quenching, tempering, or
holding at some temperature to precipitate an age-hardening compound are
employed to secure some desired level of hardness or other mechanical pro-
perties. It is obviously necessary to explore what effects such heat treatments
may have on the corrosion resistance of the material in the condition, or con-
ditions, of heat treatment in which it is to be used.

Stress Effects

Techniques for studying effects of stress on corrosion are covered in some
detail elsewhere in this work (see Section 8.10). So far as attention to stress
effects in a general materials-selection programme is concerned, it is sug-
gested that this should be a supplement to the initial selection of processing
materials by exposing specimens in what approaches their best condition to
resist corrosion, that is, free from stresses. Materials found to be worthy of
further consideration in this way can be subjected to tests for stress effects.
Where it is desired to discover whether severe internal stresses can be satis-
factorily accepted, it will suffice to expose specimens in such a condition of
stress. For example, a crucial test can be made by using a specimen in the
form of a heavily cold-drawn tube in the as-drawn condition flattened on one
end to introduce some additional multiaxial stresses. If such a severely cold-
worked specimen suffers no stress-corrosion cracking in a test, then the
danger of this occurring on any structure of that metal in the environment
represented by the test is extremely remote.

Appraisal of Damage

There are many ways of determining the extent or progress of corrosion.
The choice may be determined either by convenience or on the basis of some
special interest in a particular result of corrosion or in a particular stage of
a corrosion process.

Probably the most frequently made observation is the change in mass of
a test-piece. This may take the form of a mass gain or a mass loss.

Mass-gain determinations are most common in studies of the extent and
rate of oxidation or scaling at elevated temperatures (see ASTM G54:1984).



Very precise studies of this sort can be made by continuous observation of
mass changes, as in the use of micro-balances, such as used and described
by Gulbransen7. Such data have quantitative significance only when the
exact composition (metal content) of the scale is known or can be determined
and when there has been no loss of loose scale during or after the test. Funda-
mental studies of the initial stages of corrosion when films of a few mono-
layers are formed have made use of an ellipsometer to follow the increase of
thickness of corrosion products without disturbing the specimen8.

In most other cases, data on gains in mass due to the accumulation of
corrosion products have little quantitative significance since there is usually
a question as to how much of the corroded metal is represented in the corro-
sion products that remain attached to the specimen at a particular time.
There are also uncertainties as to the chemical composition of corrosion pro-
ducts, which may consist of mixtures of several compounds with varying
amounts of combined or uncombined water, depending on the humidity of
the atmosphere at the time.

For these reasons, it is much better to determine the amount of metal
removed by corrosion by weighing what is left after removal of all adherent
corrosion products by some method that will not cause further attack in the
process, or by making a proper correction for losses in the cleaning process.
(Removal of corrosion products is dealt with in detail in Appendix 19. IA.)
Subtracting this final mass from the original mass will give the loss in mass
during the test. Since the extent of this loss in mass will be influenced by the
area exposed, as well as by the duration of exposure, it is desirable, in order
to facilitate comparisons between different tests and different specimens, to
report the loss in mass in a unit which includes both area and time. A most
commonly used unit of this sort is milligrams weight loss per square deci-
metre of exposed surface per day (24 h) (mdd).

The unit gm~2 a"1 (gma) is sometimes used in atmospheric corrosion tests
(see ISO/DIS 9226:1989) where 'a' represents 'year'. It must be recognised
that these units embody two assumptions that may not in fact be true. The
first is that corrosion has occurred at a constant rate throughout the test
period. This is rarely the case, since most rates of attack tend to diminish
with time. But if the duration of the test and the actual loss in mass are also
reported, the user of the data can take this into account. The second prob-
able error in a mass loss/unit area unit is that it implies that corrosion has
proceeded uniformly over the whole surface. These units, therefore, will give
the wrong impression as to the probable depth of attack if corrosion has
occurred at only a few spots on the surface of the specimen. Obviously, the
mdd and gma units have limited significance when corrosion has taken the
form of scattered pits or has been confined to the crevices where the speci-
men was supported. This should be covered by appended notes describing
the nature and location of the corrosion represented and should be supple-
mented by data on the actual depths of the pitting or crevice attack. Here,
again, the report should include data on the actual mass losses and duration
of exposure.

Expression of mass loss in terms of a percentage of the original mass of
a test-piece is usually meaningless except for comparing specimens of the
same size and shape, since it does not take into account the important rela-
tionship between surface and mass.



As indicated, it is necessary to measure and report the depths of any pit-
ting or other localised corrosion, such as in crevices, that may have occurred.
It is also useful to provide information on the frequency of occurrence, dis-
tribution, and shape of pits, since these features are likely to have practical
significance. Champion1 has produced charts in which the number of pits/
unit area, the size of pits, the depth of pitting, cracking and general attack
can each be rated by the numbers 1 to 7. Where the number of pits is very
large, it is obviously impracticable to measure the depths of all of them. Con-
sequently, the practice has developed of choosing 10 of the deepest pits and
reporting their average depth and that of the deepest of them. All surfaces
of the specimen should be examined in selecting the 10 deepest pits.

There are several ways of measuring pit depths, but in all cases these
measurements are facilitated if corrosion products are first removed (see
Appendix 19. IA). If the pits are large enough, their depths may be measured
directly with a pointed micrometer or with an indicating needle-point depth
gauge. Otherwise, they may be measured optically with a microscope by
focusing in turn on the surface of the specimen and, on the bottom of
the pit using a calibrated wheel on the fine-focus adjustment rack for this
focusing operation. In some instances the small dimensions or shapes of
pits may require metallographic examination of a cross-section for a
precise measurement of depth. Such metallographic examination may also
be useful in detecting an association of pitting with a structural feature of
the metal.

Since it is often difficult to visualise the extent of attack in terms of depth
from such mass-loss units as mdd, it is common practice to convert these
mdd figures into others to indicate depth of penetration, i.e. inches per year
(ipy), mils or mm y-1. Such calculations suffer from the same defects as the
mdd figures in that they take into account neither changes in corrosion rates
with time nor non-uniform distribution of corrosion. However, since such
conversions are often made it is desirable for the initial reporter of the test
results to make the calculations accurately and to report corrosion rates in
both mdd and mm y~ ! or similar units.

The basic formula for making such calculation is:

_ _ 0-0365 _,
mdd x = mm y

P

where p is the density of the metal in g cm~3. Some values showing the rela-
tionship between mdd, and ipy and mm y"1 are given in Table 19.1.

Losses in mass will also not disclose the extent of deterioration that may
result from the distribution of a very small amount of attack concentrated
along grain boundaries or in transgranular paths (as in some cases of stress-
corrosion cracking). In such instances, an apparently trivial or even undetec-
table loss in mass may be associated with practically complete loss of the
strength or ductility of the corroded metal. Where this may be suspected, or
in any doubtful cases, the mass-loss determinations must be supplemented
by other means of detecting this sort of damage, including simple bend tests
followed by visual or metallographic examination to disclose surface crack-
ing, quantitative tension tests, and direct metallographic examination of
cross-sections. Changes in electrical resistance have been used as a measure



Table 19.1 Relationship between corrosion rate in mg dm 2 d l (mdd) and
penetration in iny"1 (ipy) and mmy"1

Material

Aluminium 2S
Ambrac (Cu-6-5Si)
Brass (admiralty)
Brass (red)
Brass (yellow)
Bronze, phosphor (5% Sn)
Bronze (silicon)
Bronze, cast (85-5-5-5)
Cast iron
Copper
Cu-30Ni
Hastelloy A
Hastelloy B
Hastelloy C
Inconel 600
Iron-silicon alloy
Lead (chemical)
Monel
Nickel
Nickel silver (18Vo Ni)
Ni-resist
Silver
Stainless steel Type 304
Stainless steel Type 430
Steel (mild)
Tin
Zinc

Density
(gcm~ 3 )

2-72
8-86
8-54
8-75
8-47
8-86
8-54
8-70
7-20
8-92
8-95
8-80
9-24
8-94
8-42
7-0

11-35
8-84
8-89
8-75
7-48

10-50
7-92
7-61
7-86
7-29
7-15

Penetration equivalent to a
corrosion rate of 1 mdd

ipy x 103

0-528
0-162
0-168
0-164
0-170
0-162
0-168
0-165
0-200
0-161
0-161
0-163
0-155
0-161
0-171
0-205
0-127
0-163
0-162
0-164
0-192
0-137
0-181
0-189
0-183
0-197
0-201

mm y"1 x 102

1-342
0-412
0-427
0-416
0-432
0-412
0-427
0-419
0-508
0-409
0-409
0-414
0-394
0-409
0-434
0-521
0-323
0-414
0-412
0-417
0-488
0-348
0-462
0-480
0-465
0-500
0-510

of intergranular attack9. Because of the nature of such resistance deter-
minations10'11 they have been more useful for comparing specimens of a
particular kind and size than as a basis for quantitative expression of rates
of attack.

The characteristic mode of corrosion of some alloys may be the formation
as a corrosion product of a redeposited layer of one of the alloy constituents,
as in the case of the brasses that dezincify, or of a residue of one of the
components, as in the case of the graphitic corrosion of cast iron. Partic-
ularly in the case of the dezincified brass, the adherent copper is not likely
to be removed with the other corrosion products, and therefore the mass-loss
determination will not disclose the total amount of brass that has been cor-
roded. This is especially important because the copper layer has very little
strength and ductility and the extent of weakening of the alloy will not be
indicated by the mass loss. In these cases, also, the mass-loss determinations
must be supplemented by, or replaced by, mechanical tests or metallographic
examination, or both, to reveal the true extent of damage by corrosion.
Difficulties in obtaining accurate mass losses of heavily graphitised speci-
mens have been reported 12.

Whenever changes in mechanical properties, such as performance in ten-
sion tests, fatigue tests, and impact tests, are to be used as a measure of



corrosion damage, it is obviously necessary to provide test data on the rele-
vant properties of the uncorroded metal. When tests extend over long
periods during which the alloys being tested may be subject to changes in
mechanical properties due to ageing effects, entirely aside from corrosion,
it will be necessary to provide sets of specimens that may be subjected to
similar ageing in a non-corrosive environment so that by direct comparison
with corroded specimens of the same age the changes due to corrosion can
be separated from those due to ageing. Preferably the control specimens
should be stored so that they will be subjected to the same thermal experience
as the specimens undergoing corrosion. This is usually very difficult to
accomplish while maintaining the control specimens completely protected
from corrosion.

In calculating the strength properties of the corroded specimens and
comparing them with those of the uncorroded control specimens after
appropriate mechanical tests, it will be necessary to take into account the
actual area of the cross-section of the corroded metal and report results on
this basis instead of, or as well as, on the basis of the original cross-section
prior to exposure such as would be represented by the uncorroded control
specimens.

In view of possible or probable variations in mechanical properties among
different specimens of the same metal cut from different sheets or other
pieces, or even from different sections of the same sheet or piece, it is neces-
sary to pay careful attention to the initial sampling of stock to be used for
control, as well as exposure, specimens. An interesting case in which several
of these considerations were involved was provided by the long-time atmo-
spheric exposure tests of non-ferrous metals carried out by Subcommittee
VI of ASTM Committee B-3 on Corrosion of Non-Ferrous Metals and
Alloys13 in which changes in tensile properties were used as one of the
means of measuring the extent of corrosion.

Tests carried out for particular purposes may make use of other special
means to measure the progress of corrosion. For example, changes in the
reflectivity of polished surfaces14'15 have been used as a sensitive means of
following changes in the very early stages of corrosion in laboratory studies.
A similar technique has been applied on a practical scale in connection with
the direct evaluation of the relative merits of different alloys as used for
mirrors in searchlights exposed to corrosive natural atmospheres.

Kruger16, while at the then U.S. National Bureau of Standards, used an
ellipsometer to follow the growth of very thin corrosion-product films
(oxides) during the initial stages of corrosion. This requires knowledge of the
composition of the oxide and its refractive index. An outline of modern
physical techniques for studying the nature and kinetics of the growth of
oxide films and scales is given in Table 1.6, Section 1.2.

In some cases, the principal interest is in the possibility of undesired con-
tamination or other alteration of an environment rather than in the rate
of destruction of the metals being tested. Here, in addition to paying atten-
tion to the usual factors that influence rates of corrosion, it is necessary also
to consider the ratio of the area of the test specimen to the volume or mass
of test solution, and the time of contact. All of these factors may be quite
different in a test from what would obtain in a practical case, and any dis-



tortions of the test in these ways must be taken into account in planning the
test and in interpreting the results.

In cases such as this, the possible contamination of the solution by cor-
rosion products may be estimated from the loss in mass of the test speci-
men. This, however, does not make any distinction between soluble and
insoluble corrosion products, which may have different effects and which
can be studied best by chemical analysis of the test solution and the mate-
rials filtered from it. Similarly, chemical analysis may be required to detect
any other changes in the composition of the test solution that may be of
interest.

Particularly in theoretical studies of corrosion processes, it has been useful
to measure the progress of corrosion in terms of the rate or extent of con-
sumption of oxygen in the corrosion reactions. This technique has been very
useful in following the progress of wet corrosion or of oxidation in its initial
stages17.

Somewhat along the same lines is the measurement of the volume of
hydrogen generated as corrosion proceeds18'19. This technique has been
used not only in theoretical studies, but as a means of comparing some
corrosion-resisting characteristics of different lots of steel which seem to
affect their behaviour when used as a base metal for tin cans20"22.

The polarograph has been found to be a very useful tool for following the
progress of corrosion, especially in its early stages, by measuring minute
changes in the composition of the solution, as in the consumption of some
constituent, such as oxygen, or by the accumulation of metal salts or other
reaction products, such as hydrogen peroxide23.

An electrical resistance methods which directly measures loss of metal
from a probe installed in the corrosive system under study is described in Sec-
tion 19.3. It is reported that corrosion equivalent to a thickness loss of as lit-
tle as 2-5 x 10"7cm can be detected24'25 . This technique is most useful as
a means of monitoring steps taken to reduce corrosion, e.g. by inhibitors,
or to detect changes in the corrosivity of process streams. Electrical methods
of determining corrosion rates are considered subsequently.

Temperature effects may also be used in test methods and notably for
assessing the effects of inhibitors in acid solutions. The technique is based
on that first proposed by Mylius26 which records the temperature-time
behaviour associated with the exothermic reaction resulting from the initial
contact of a metal with a corrosive acid solution. The effectiveness of
inhibitors may then be determined from their effects on the temperature-
time behaviour27.

Removal of Corrosion Products

An ideal method for removing corrosion products would be one that would
remove them completely without causing any further corrosion or other
deterioration of a test specimen in the process. Procedures that achieve
this ideal or approach it very closely have been developed for many of the
common alloys. Steels, for example, have been cleaned in such a manner that
the loss due to cleaning is about 0-01%.



There are numerous satisfactory methods of cleaning corroded speci-
mens, but whatever the method its effect in removing base metal should be
determined for each material28"30 taking into account possible differences
between the behaviour of 'as-new* and corroded base metal (see Appendix
19.1A). The various methods may be classified as follows:

1. Mechanical treatment.
(a) Scrubbing with bristle brush.
(ti) Scraping.
(c) Wire brushing.
(d) Grit, shot sand blasting.

2. Chemical treatments.
(a) Organic solvents.
(b) Chemical reagents.

3. Electrolytic treatments as cathode in the following.
(a) Sulphuric acid usually inhibited.
(b) Citric acid.
(c) Potassium cyanide.
(d) Caustic soda.

Further details of removing corrosion products are given in Appendix
19.1A.

Laboratory Corrosion Tests

Total-immersion Tests

The total-immersion corrosion test is most adaptable to rigorous control
of the important factors that influence results. This control may be achieved
in different ways and it is unnecessary and undesirable to seek a standardised
method or apparatus for universal use. All that is required is a recognition
of what is essential, as covered, for example, by the ASTM procedure G31:
1972 (R 1985). This represents a code of minimum requirements without
insisting on the use of any particular kind of apparatus or specifying the
exact conditions of aeration, temperature or velocity to be used. Since differ-
ent metals respond differently to effects of aeration, temperature and veloc-
ity, the setting up of standard test conditions in terms of these factors would
be inappropriate. Depending on the environment, such standardised testing
conditions would favour maximum corrosion of some materials and mini-
mum corrosion of others and thus lead to gross errors in indicating any
general order of merit applicable under conditions differing from those of a
standardised test.

In some instances it may be possible, though it is usually very difficult, to
undertake laboratory corrosion tests under conditions that will be the same
as those encountered in some practical application, and thus to secure some
directly applicable data. More often, the conditions of service are so variable
or so difficult to appraise accurately and duplicate in the laboratory that it
is impractical and probably unwise to attempt to do so. A better procedure
is to examine the individual effects of the several controlling factors by vary-
ing them one at a time so as to provide a picture of their influence on the



behaviour of the materials of interest in the corrosive medium being inves-
tigated. This information will be helpful in deciding whether the conditions
of a particular use are favourable or unfavourable to the materials being con-
sidered. It will also serve as a guide to account for behaviour in service and
to suggest changes in the operating conditions that may be expected to reduce
corrosion of a material being used.

In many cases, and particularly in aqueous solution, the most important
controlling factors will be solution composition, temperature, aeration and
velocity.

Solution composition When designing tests to determine the effects of solu-
tion composition on corrosion it is important to understand the nature of
the controlling process. In the case of most metals and alloys the rate-
determining step will be the rate of supply of cathodic depolariser to the
metal surface. This is particularly true in neutral solutions where corrosion
will often be under oxygen diffusion control. Thus, tests in stagnant (unstir-
red, quiescent) conditions may be inappropriate since the effects of solution
composition will be insignificant compared with the oxygen diffusion effect.
In stagnant conditions corrosion rates of mild steel in, for example, sodium
chloride, sodium sulphate and other salt solutions will be effectively the same
over a range of concentrations and equal to that in pure water*. The effects
of anion type and concentration begin to be shown only with movement of
the solution, i.e. when oxygen access to the metal surface is facilitated to the
point where it may be no longer rate controlling. Specific effects of anions
in stagnant solutions will, however, be found when the anion has oxidising
properties as in the case of nitrate.

Care must therefore be taken in designing tests to study the effects of solu-
tion composition since different results will be obtained depending on the
degree of aeration and/or movement of the solution.

Variations in solution composition throughout a test should be moni-
tored and, if appropriate, corrected. Variations may occur as a result of reac-
tions of one or more of the constituents of the solution with the test
specimen, the atmosphere or the test vessel. Thus, it is important that the
composition of the testing solution is what it is supposed to be. Carefully
made-up solutions of pure chemicals may not act in the same way as
nominally similar solutions encountered in practice, which may, and usually
do, contain other compounds or impurities that may have major effects on
corrosion. This applies particularly to 'artificial' sea-water, which is usually
less corrosive than natural sea-water. This subject is discussed in detail in a
Special Technical Publication of ASTM31, and tests with natural,
transported and artificial sea-water have been described32. Suspected
impurities may be added to the pure solutions in appropriate concentrations
or, better still, the testing solutions may be taken directly from plant
processes whenever this is practical.

It should also be pointed out than in exploring the effects of the concentra-
tion of a particular acid or other chemical on its corrosivity, it is necessary
to cover the full possible variation of concentrations thoroughly, since it

* An effect apparently first noticed by Heyn, E. and Bauer, O., Mitt. K. Mater. PrufAmt Berl-
Dahlem., 28, 62 (1910)



frequently happens that particular ranges of concentration are especially
corrosive to some metals. This extends to the highest degrees of concentra-
tion where sometimes the complete elimination of water may increase corro-
sion a great deal —as in the case of aluminium in acetic acid. On the other
hand, the presence of a trace of water may make other chemicals much more
corrosive —as in the case of bromine and other halogens.

It should be noted, also, that exposing a specimen to a solution of some
chemical while it is being concentrated by evaporation practically to dryness
will not suffice to explore the effects of the complete range of concentration,
simply because the period in which any particular concentration range exists
is not likely to be long enough to permit any especially corrosive effects to
be detected in the overall result.

Temperature control Of the factors mentioned, temperature is probably
the easiest to control; this can be accomplished by means of a thermostat or
by operating at the boiling point of the testing solution with an appropriate
reflux condenser to maintain the solution at a constant concentration. Con-
trol to =bl°C is not hard to accomplish.

The need for temperature cycling should be taken into account when
designing or conducting tests. The nature of the test vessel should be con-
sidered for tests in aqueous solutions at temperatures above about 6O0C
since soluble constituents of the test vessel material can inhibit or accelerate
the corrosion process. An inhibiting effect of soluble species from glass,
notably silica, on the behaviour of steel in hot water has been shown33.
Pure quartz or polymeric materials are often more appropriate for test vessel
construction.

Aeration Control of aeration is more difficult. Aeration here means the
amount of oxygen supplied either as such or, more commonly, in air. In
some situations, it may not require a large amount of air bubbled through
a solution to accommodate even a modest rate of corrosion of a small test-
piece. Figure 19.2 shows the relationship between the rate of supply of air
used for aeration and the rate of corrosion of Monel alloy in 5% sulphuric
acid.

To facilitate rapid solution of oxygen from air bubbles it is desirable to
make these as small as possible, e.g. by having the air enter through a porous
thimble or sintered glass disc. Much less satisfactory results are secured by
simply letting air escape into the solution from a tube drawn to a fine tip.

It is also undesirable to permit air bubbles to impinge directly on the test-
pieces. This can be avoided by placing the aerator inside a chimney.

When it is desired to study effects of various degrees of aeration, it is better
to do this by varying the oxygen content of the saturating gas (e.g. by using
controlled mixtures of oxygen and nitrogen) introduced at a constant and
adequate rate than by attempting to vary the rate of admission of a gas (such
as air) of constant composition. This extends as well to zero aeration, which
can best be accomplished by saturating the test solution with de-oxygenated
nitrogen or other inert gas. It is unwise to assume that, because no air is pur-
posely added, oxygen has been excluded from a test solution in a vessel open
to the air. Such a practice provides a low oxygen availability that is not
sufficiently under control to ensure reproducible results3.



Air (ml/min)

Fig. 19.2 Effect of rate of supply of air used for aeration on corrosion of Monel alloy in 5%
sulphuric acid

Velocity The precise control of velocity and the study of effects of velo-
city on corrosion are extremely difficult, especially when high velocities are
involved. A major problem is to prevent, or to take into account properly,
the tendency of a liquid to follow the motion of a specimen moved through
it, e.g. by rotation at high velocity. This can be controlled to some extent
by proper baffling, but uncertainties as to the true velocity remain —as they
do also when the test liquid is made to pass at some calculated velocity
over a stationary test-piece or through a test-piece in the form of a tube or
pipe3*.

Velocity effects can be achieved either by having the test-piece move
through a presumably stationary liquid or by having a moving liquid come
into contact with a stationary test-piece. Occasionally tests may involve both
types of exposure. Details of test procedures are given in NACE TM 0270-70
Method of Conducting Controlled Velocity Laboratory Corrosion Tests.

The achievement of zero velocity in a test set-up is about as difficult as
the accurate control of some high velocity. It is a common mistake to assume
that by not making any attempt to move either the specimen or the testing
liquid, the relative velocity between them will be zero. This neglects such
effects as convection currents and the agitation due to the effects of corrosion
products streaming under the influence of gravity. The most common diffi-
culty arising from this situation is that these uncontrolled effects in tests
made under presumably quiet or stagnant conditions make it very difficult
to secure reproducible results from test to test. Therefore, even when there
is no practical interest in the effects of any appreciable velocity, it is desir-
able to provide for some controlled movement of either the specimens or
the solution at some velocity such as 7-5cm s"1, readily achieved with a
vertical circular-path machine.

Equipment of this type in which the specimens are moved in a vertical cir-
cular path with all portions of the surface of a specimen moving at the
same speed has been used where such moderate test velocities are required.
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Statistical analysis of data from tests with an apparatus by Wesley4 has
demonstrated satisfactory reproducibility of results not only among speci-
mens in a particular test, but also from test to test undertaken at different
times.

Where effects of much higher velocities are to be studied, various devices
have been used to move test-pieces through the testing solution at high
velocity.

One procedure is to use test specimens in the form of discs which can be
rotated at the desired speed while either wholly or partly immersed in the
testing solution, and Freeman and Tracy described a device of this sort in a
contribution to the ASTM Symposium on Corrosion Testing Procedures2*.
With their apparatus the specimen discs were mounted on horizontal shafts
and were partially immersed in the testing solution.

A similar method of test was used at the International Nickel Company's
Corrosion Laboratory at North Carolina. The specimen discs are mounted
on insulated vertical spindles and submerged in sea-water, which is supplied
continuously to the tank in which the specimens are immersed. The maxi-
mum peripheral speed of the spinning disc is about 76OcHiS"1, and the
characteristic pattern of attack is shown in Fig. 19.3a. Studies of variation
of depth of attack with velocity indicate that at low velocities (up to about
45OcHiS'1) alloys such as Admiralty brass, Cu-IONi and cupro-nickel
alloys containing iron maintain their protective film with a consequent small
and similar depth of attack for the different alloys. At higher velocities the
rate increases due to breakdown of the film.

Tests of this sort indicate a sort of critical velocity for each material that
marks the boundary between the maintenance and loss of protective films.
These apparently 'critical' velocities must be considered as relative and only
applicable to the conditions of test in which they are measured. Because of
the complex effects associated with the differences in velocity from point to
point on such rotating specimens, the apparent 'critical velocity' obtained in
a given test may be quite different from what might be indicated by another
test in which the same velocity is achieved in some other way—as by moving
the liquid past a stationary specimen at a uniform velocity from point to
point. The apparent 'critical velocity' indicated by this latter method of test
will likely be higher for many materials than that shown by the spinning
disc test. Thus, the establishment of critical velocities by a particular method
of test will afford only qualitative data regarding the relative abilities of a
number of materials to resist the destructive effects of high velocity. Further-
more, the critical velocity at which severe attack commences has been found
to depend on the diameter of the disc so that no quantitative significance
can be attached to it. This restriction extends as well to tests with iron discs,
where attack is concentrated at the centre of the disc rather than at the
periphery, irrespective of its diameter.*

Somewhat similar tests may be made by attaching specimens to discs that
can be rotated at some desired velocity in the testing medium. A machine
of this sort that is used extensively in studying corrosion of metals by sea-

* Small variations in solution composition may also affect the value of any critical velocity. In
laboratory tests using recirculating artificial sea-water the presence of dissolved copper from
copper alloy test-pieces has been shown to affect the value of the critical velocity for such
materials35.



Fig. 19.3 (a) Distribution of corrosion on surfaces of rotating disc specimens and (b) assembly
of specimens attached to rotating discs



water at high velocity was developed by the staff of the US Naval Engineering
Experiment Station at Annapolis, Maryland36. A typical assembly of discs
and specimens is shown in Fig. 19.3b.

The action of the rotating discs with their attached specimens causes
violent agitation of the liquid in the tank. Depending on the height of liquid
above the specimens, as determined by the location of the overflow pipe,
there may be considerable whipping of air bubbles into the liquid or none
at all, as desired. The heat of agitation causes the temperature to rise. This
may be controlled readily by adjusting the amount of fresh cold liquid, for
example sea-water, allowed to pass into the tank and out through the over-
flow pipe. It is not difficult to hold the temperature within 1-20C of the
desired value.

The use of rotating discs to carry test specimens has been extended to
studies of protective coatings in what are considered to be 'accelerated' tests
of such coatings for service underwater37.

Velocity effects involving a high differential in velocity between adjacent
areas are achieved simply by exposing a test specimen to the action of a sub-
merged jet. This sort of test has been very popular and very useful in studying
impingement attack or erosion of condenser tube alloys. It was introduced
originally by Bengough and May38 and later modifications were described
subsequently by May and Stacpoole39. The appearances of typical speci-
mens from this test are shown in Fig. 19.4. In this test the dimensions of test
specimens should be standardised, since the depth of attack has been found
to be influenced by the extent of the immersed area of the specimen that is
outside the impingement zone.

Along the same general lines is an apparatus employed by Brownsdon and
Bannister40 in which a stream of air at high velocity is directed against the
surface of a submerged test specimen (see also p. 19:75).

A straightforward way to study velocity effects is to force the testing liquid
through tubular specimens, which may be arranged to form model piping
systems for studying the peculiar corrosion that may result from severe tur-
bulence effects downstream of valves, reducers, branch connections, elbows,
and other fittings. In such systems the rates of flow can be measured by
suitable orifice meters and regulated by control valves. A somewhat similar
technique applied to condenser-tube alloys is to test them as installed in
model tube-bundle assemblies41. Butler etal. have described a laboratory
test rig for studying the effects of flowing water on steel pipework42.

Other methods involve holding specimens in suitable fixtures so that they
form the walls of channels through which the test solution can be passed at
controlled rates of flow. Such devices have been used at the Harbor Island
Test Station in North Carolina primarily for studying the electrode potential
and polarisation characteristics of metals and alloys, but they are also suit-
able for observing effects of velocity on corrosion. This is illustrated in
Fig. 19.5 in which the specimen and Pt electrode are of the same size and are
placed parallel to one another in the holder. When required potentials are
measured by inserting a capillary through the hole in the Pt; it is then
removed to avoid shielding effect.

Effects of velocity are sometimes aggravated by the presence of abrasive
solids in suspension, which increases deterioration by straight mechanical



Sample
no.

A

B

C

D

E

F

G

Alloy

Arsenical 70/30
brass

Arsenical
Admiralty brass

Arsenical
aluminium brass

Cu 10Ni

Cu-30Ni-lFe IMn

Cu-30Ni-2Fe 2Mn

Cu-30Ni

Mass loss
after 1 000 h

(g)

0-262

0-422

0-010

0-026

0-019

0-014

0-061

Penetration of
impingement pit

(% of cross-section)

40

44

1

<1

<1

<1

9

Appearance

Deep pit opposite jet, sur-
rounding area darkly
stained

Deep pit opposite jet

Very slightly attacked
opposite jet

No measurable attack
opposite jet

No measurable attack
opposite jet

Very slight pitting attack
beneath brown tubercles
of corrosion products.
Also pitting in areas
next to sample holder.
No measurable attack
opposite jet

Pitted opposite jet

Materials A 1 conform to BS 2871 and ASIM B l I i

Fig. 19.4 (top) Pattern of corrosion of jet-impingement test specimens and (bottom) sample
test data and results

abrasion as well as accelerating corrosion by continually exposing fresh sur-
faces to attack. Such attack is especially serious with pumps, agitators and
piping systems. Special apparatus has been designed to measure the perfor-
mance of materials under such conditions, as described, for example, by
Fontana43.

Special devices have been used to study erosion-corrosion by boiler water
moving at high velocity, and an example is the method used by Wagner,
Decker and Marsh44.



Fig. 19.5 Components of apparatus in which specimens form walls of channel for test solution

Where high rates of flow are desired with a small volume of testing liquid
a specimen may be mounted in the form of a tube inside a large glass tube,
and a small mass of liquid may be forced to flow through the restricted
annular space between the two tubes. Such a method was used successfully
in studying corrosion by milk where the volume of milk was small, the
required movement being achieved simply by the use of an air lift to return
the milk to an overhead reservoir from which it flowed by gravity through
the test set up45. Velocities as high as 0-6m s~l were studied in this way.

Volume of testing solution If exhaustion of corrosive constituents that may
be present in minute concentrations and the accumulation of reaction pro-
ducts which may either accelerate or stifle further attack are to be avoided,
the volume or mass of testing solution must be sufficiently large to avoid
effects caused by these factors. In laboratory tests, however, practical con-
siderations limit the volume of testing solution that can be provided for. A
minimum of 250 ml of testing solution for each 6- 3 cm2 of specimen area is
suggested in NACE TMO169-76.

Support of specimens Since crevices set up where specimens are in contact
with their supports may become the seats of accelerated corrosion by concen-
tration cell effects, special attention should be given to this detail in setting
up tests. The area screened by the supporting members should be kept to a
minimum, for example by making contact at a point or along a line rather
than over any appreciable area. In some instances it may be desirable to
apply some protective coating to the areas that are in contact with the sup-
porting members. In any event, any corrosion that has occurred in the area
of the supports should be taken into account in appraising and reporting the
results of a test.

Somewhat along the same lines are techniques that have been employed
to avoid edge effects by having the specimen come into contact only with

Insulating
pipe connection

Polarising electrode Insulating
pipe connection

Specimen holder

Insulator
Contact screw

Gasket

Specimen

Clamping plate

Clamp



a pool of testing solution which does not cover its complete surface—as
described, for example, by Brennert46. A more elaborate technique in
which the pool of testing solution was circulated by thermal currents was
described by Smith47.

Alternating-immersion Tests

One means of ensuring aeration of a testing solution in contact with a
specimen is provided by an alternating-immersion corrosion test in which
the specimen is alternately immersed in a solution and withdrawn from it
in some predetermined cycle. This procedure also has the effect of allowing
the test solution that clings to the specimen to become concentrated by
evaporation while the specimen is out of the liquid, and in addition it per-
mits corrosion products to remain and reach greater concentrations and
undergo more chemical changes in immediate contact with the metal than
can occur in continuous-immersion tests. In these ways, an alternating-
immersion test may simulate certain circumstances of practical corrosion
better than a continuous-immersion test and may, therefore, be preferred.

Since the conditions of this test can be standardised fairly readily, it has
also been used as a routine test in comparing different alloys of the same
general kind in the course of studies of effects of composition on properties,
as, for example, in the researches by Hanawalt, Nelson and Peloubet on the
corrosion of magnesium48.

The ASTM have established a recommended procedure for alternating-
immersion stress corrosion tests in 3-5% NaCl solution (ASTM G44:1988).

The alternating immersion may be accomplished either by moving speci-
mens held in a suitable suspension rack into and out of containers holding
the test solution, or by leaving the specimens fixed and raising and lowering
the solution containers around them so as to immerse them or leave them
suspended above the solution.

To favour reproducibility of results, the cycles of immersion and with-
drawal must be kept the same from test to test. It is necessary to control
the temperature and humidity of the atmosphere surrounding the test set-
up as these affect the rate of evaporation of the solution and of drying of
the specimens when they are out of the solution. It is also necessary to pro-
vide for replenishing losses of water from the test solution resulting from
evaporation.

Water-fine Tests

Materials may be subject to intense localised attack at the liquid level when
they are partially immersed in a solution under conditions where the water
line remains at a fixed position for long periods. This attack may be the result
of concentration cell effects complicated by differences in the nature and
adherence of corrosion-product films as they form in the water-line region
as compared with those that form above or below this region.

The testing technique is very simple since it involves no more than pro-
viding means of supporting a specimen or specimens in a fixed position of



partial immersion, and of maintaining the liquid level constant by the con-
tinuous addition of distilled water to make up for evaporation losses. For
maximum reproducibility of results, the dimensions of the specimens, and
especially the ratio of areas above and below the liquid level, should be held
constant, as should be the depth of immersion.

Heat-flux Effects

When heat flows into or out of a fluid through a containing wall, the wall
surface reaches a temperature which differs from that of the bulk of the
fluid. The wall's corrosion resistance at this temperature may be significantly
different from its resistance at the bulk-fluid temperature. Tubes or tank
walls heated by steam or direct flame have failed in service in which similar
materials, not so heated, performed acceptably.

The name 'hot wall effect' was given to this phenomenon by Benedicks49

who observed separation of dissolved gas from aerated water in boiler tubes.
The metal wall was insulated from the cooler boiler water by the gas, its
temperature rose substantially, and the more severe corrosion took the
form of pitting. It was recognised subsequently that even without such gas
formation, a hot-wall effect resulted when heat flowed through a wall into
a fluid. The temperature difference which had to exist in order for heat to
flow was increased by the insulating effect of the thin film of almost stagnant
fluid at the wall surface. This film is thinned by rapid flow of a fluid through
a tube, but is not eliminated at any finite velocity. Boiling of a liquid, by
either bubble nucleation or coverage of the heating surface by a vapour film,
increases the skin temperature further; the second mechanism provides much
more severe insulation and greater temperature rise50.

High rates of heat flow through heat-transfer surfaces in atomic energy
installations studied by Groves caused him to develop an appropriate cor-
rosion test method51. In this, a small sheet specimen in contact with a hot
liquid, usually boiling, is heated externally so that its surface reaches the
desired test temperature. The surface or skin temperature is close to the
temperature at mid-thickness, which is measured by a thermocouple inserted
in a drilled hole. The heating source is an electric soldering iron in which the
tip is replaced by a flat-surfaced metal block. The voltage to the heat source
is controlled by a variable transformer. Supplementary heating may be pro-
vided to the liquid in the test vessel by resistance-wire winding of the liquid
container, or by an immersion heater (Fig. 19.6).

A similar unit, modified in details such as location of condenser, use
of an agitator and shape of the vessel, was used by Fisher and Whitney52.
Further substantial modifications to permit interface location of speci-
mens, cooling of specimens and operation under applied pressure, have
been described by Fisher53. Earlier laboratory test methods tried by Fisher
and Whitney52 included exposure of specimens heated by their own elec-
trical resistance and of tubular specimens containing a pencil-type resistance-
wire heater in a quartz tube.

To investigate corrosion in heated crevices filled with wetted paste a sand-
wich test assembly was designed by Gleekman and Swandby52 simulating



Fig. 19.6 Device for studying 'hot-wall* effects

a slotted cylindrical steam-heated drier. Two plates are bolted together, the
lower being heated by an electric hot plate.

It has been concluded from data reported in these studies that the skin
temperature is the major controlling factor in corrosion, not the rate of heat
flow through the metal52. It has also been concluded, however, that corro-
sion rates at a given mid-specimen temperature do depend on the presence
or absence of thermal flux55. The difference between temperatures at skin
and mid-specimen positions may account for this discrepancy.

Heat-flux corrosion rates can also be determined in plant tests using steam-
heated tubular specimens which are weighed or callipered.

In addition to the direct effect of film temperature on corrosion rate, an
indirect effect has been observed in the heating of some foods and chemicals,
in which insulating solid corrosion films form on different metals. By raising
the metal surface temperature, these films may, when pervious, lead to fur-
ther corrosion.

Apparatus and procedures for testing the corrosion resistance of alloys in
brines at temperatures up to 120-15O0C are described by Hart56.

Testing procedures for corrosion inhibitors in heat flux conditions are
discussed below.
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Composition of Testing Solution

Changes in corrosivity with time may be observed by exposing fresh
specimens to a solution that has already been used for testing. Where such
changes are known to occur, or are suspected, it will be necessary to arrange
for replacement of the testing solution after appropriate intervals or
replenishment of constituents that may be consumed in the corrosion
processes.

Electrochemical Measurements

In view of the electrochemical nature of corrosion it is not surprising that
measurements of the electrical properties of the interface metal/solution
(electric double layer) are used extensively in fundamental studies of the
mechanism of corrosion, in corrosion testing and in monitoring and control
in service. In the context of this section electrical measurements in the
laboratory are used to assess the corrosion behaviour of metals and alloys
in service, and to avoid the more tedious and prolonged field testing. Deter-
minations of the corrosion rate, susceptibility of a metal to bimetallic cor-
rosion, pitting, intergranular attack, stress-corrosion cracking, etc. are
examples of corrosion phenomena that are studied in the laboratory by
means of electrochemical methods in order to anticipate behaviour in
service.

Progress in this field has been made possible with increase in knowledge
of the detailed mechanism of corrosion and by the developments that have
taken place in instrumentation. The widespread use of potentiostatic con-
trol (Section 19.2) and the availability of a range of commercial potentio-
stats have given a tremendous impetus to electrochemical testing, and have
perhaps led to the unfortunate belief that corrosion testing in the labora-
tory and in the field can be replaced completely by electrochemical measure-
ments in the laboratory under conditions of controlled potential. Indeed, La
Que57 in 1969 was prompted to express concern about the proliferation of
publications describing electrochemical techniques for corrosion testing, and
to advise caution regarding the extrapolation of results obtained in the
laboratory with a potentiostat to the performance of metals in service.

Although important contributions in the use of electrical measurements in
testing have been made by numerous workers it is appropriate here to refer
to the work of Stern and his co-workers58'59 who have developed the impor-
tant concept of linear polarisation, which led to a rapid electrochemical
method for determining corrosion rates, both in the laboratory and in plant.
Pourbaix60 and his co-workers on the basis of a purely thermodynamic
approach to corrosion constructed potential-pH diagrams for the majority
of metal-H2O systems, and by means of a combined thermodynamic and
kinetic approach developed a method of predicting the conditions under
which a metal will (a) corrode uniformly, (b) pit, (c) passivate or (d) remain
immune. Laboratory tests for crevice corrosion and pitting, in which electro-
chemical measurements are used, are discussed later.
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