
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.



Techniques

Electrochemical methods of testing involve the determination of specific
properties of the electrical double layer formed when a metal is placed in
contact with a solution (see Section 20.1), and these can be summarised as
follows.

1. The potential difference across the electric double layer A\l/. This cannot
be determined in absolute terms but must be defined with reference to
another charged interface, i.e. a reference electrode. In the case of a
corroding metal the potential is the corrosion potential which arises
from the mutual polarisation of the anodic and cathodic reactions con-
stituting the overall corrosion reaction (see Section 1.4).

2. The reaction rate per unit area /. For a corroding metal the partial
anodic and cathodic current densities cannot be determined directly by
means of an ammeter unless the anodic and cathodic areas can be sepa-
rated physically, e.g. as in a bimetallic couple. If the metal is polarised
a net current /c for cathodic polarisation, and /a for anodic polarisa-
tion, will be obtained and can be measured by means of an ammeter.

3. The capacitance. The electrical double layer may be regarded as a resis-
tance and capacitance in parallel (see Section 20.1), and measurements
of the electrical impedance by the imposition of an alternating poten-
tial of known frequency can provide information on the nature of a sur-
face. Electrochemical impedance spectroscopy is now well established
as a powerful technique for investigating electrochemical and corrosion
systems.

The most commonly used measurements are as follows:

1. Determination of the steady-state corrosion potential Ecorr .
2. Determination of the variation of ECOTT with time.
3. Determination of the E — i relationships during polarisation at con-

stant current density (galvanostatic) the potential being the variable.
4. Determination of the E — i relationships during polarisation at cons-

tant potential (potentiostatic) the current being the variable.
5. Determination of the electrochemical impedance under alternating

potential conditions as a function of frequency.
6. Determination of electrochemical noise: fluctuations of the free

potential or fluctuations of the current when a constant potential is
maintained.

Instruments

The techniques and instruments used may be classified as follows:

1. Potential measurements — a reference electrode and a potentiometer or
electrometer which require only a small current to give a measurement
of e.m.f. and thus minimise polarisation of the electrodes.

2. Current measurements — milliammeters or the measurements of the IR
drop across a conductor of known resistance.



3. Galvanostatic polarisation — constant direct current power units, or
banks of accumulators or dry cells used in conjunction with a variable
resistance.

4. Potentiostatic polarisation — potentiostats with varying output
currents.

5. Determination of impedance —a.c. bridges of various frequencies.

Impedance measurements, originally used in fundamental studies of
anodic oxidation, have great power for deriving corrosion rates and infor-
mation about reaction mechanisms for processes that occur at a corroding
surface using readily available instrumentation. Armstrong etal.61 have
used impedance measurements for studying the active-passive transition
of chromium and Epelboin etal.62 describe its use for determining the
instantaneous corrosion rate of a metal. Sathyaharayana63 has described a
method using Faradaic rectification to determine the instantaneous corro-
sion rate, in which no reference electrode is required; the electrodes con-
sist of the metal under study and a counter electrode of a large area of the
same metal. Macdonald64 in a recent review of electrochemical impedance
spectroscopy has highlighted the enormous advantage it offers over other
electrochemical methods of being able to evaluate the validity of the data
using the Kramers-Kronig transforms. While the use of impedance tech-
niques is usually restricted to homogenous corrosion situations, applica-
tions to localised corrosion have been reported. These included pitting65"67

abrasion68, other types of corrosion69"71 and stress-corrosion cracking72.
The potentiostatic technique has a number of variations and the potential

may be increased or decreased incrementally, changed continuously at a pre-
determined rate (potential sweep) or applied as pulses of very short duration.
The applications of the potentiostatic technique are considered in detail in
Sections 1.4, 1.5 and 19.2, and will not be considered here.

The application of a stochastic approach to the study of pitting was
pioneered by Sato73. Shibata and Takeyama74 then developed stochastic
theory to study the statistical variation of the pitting potential determined by
the potential sweep method. Subsequently, Williams and his co-workers75"77

described how electrochemical noise (current fluctuations in systems under
potentiostatic control or potential fluctuations at the corrosion potential)
can be analysed to provide information on the initiation and propagation
of pitting corrosion on stainless steels. In a recent review Gabrielli etal™
discuss published results for both stable pitting, where statistical counting is
the major technique of investigation, and unstable pitting during the pre-
pitting stage, where the techniques that can be applied include statistical
counting, ensemble averages and spectral analysis.

Electrochemical Cells

Since the single potential of a metal cannot be measured it is necessary to use
a suitable reference elecrode such as the HgXHg2Cl2XKCl electrode or the
AgXAgClXKCl electrode, and although potentials are frequently expressed
with reference to the standard hydrogen electrode (S.H.E.) the use of this
electrode in practice is confined to fundamental studies rather than testing.



Fig. 19.7 Reference electrodes and capillaries, (a) Reference electrode, salt bridge and Luggin
capillary; (b) calomel electrode; (c) frontal types of capillaries and positions; (d) rearside

capillaries (after von Fraunhofer and Banks90)

Details of the preparation of reference electrodes, salt bridges, capillaries,
etc. are given in the book by Ives and Janz79 and elsewhere80"83.

Measurements of the corrosion potential of a single metal corroding
uniformly do not involve an IR drop, but similar considerations do not apply
when the metal is polarised by an external e.m.f., and under these circum-
stances the IR drop must be minimised by using a Luggin capillary placed
close to the surface of the electrode (see Fig. 1.22, Section 1.4). Even so,
the IR drop is not completely eliminated by this method, and a further error
is introduced by the capillary shielding the surface from the current flow
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with a consequent decrease in c.d. At high c.d. this error due to the IR drop
can conceal the Tafel region by distorting the measured over potentials, a
difficulty that can be overcome by determining the resistance of the solution
at the capillary tip and by making an appropriate correction for each value
of the current density. Alternatively, electronic feedback circuits may be
employed for automatic compensation of the IR drop, and this method
is attractive if rapid variations in overpotential are being studied84"87. Other
methods are by using a Piontelli capillary88-89 or a rearside capillary90.
(Fig. 19.7). However, in testing in electrolyte solutions of low resistivity
these errors are normally small, and the conventional Luggin capillary is
used in conjunction with a salt bridge and reference electrode.

For polarisation studies the cell must make provision for the metal elec-
trode under study, an auxiliary or counter electrode, and a Luggin capillary.
Provision must also be made for introducing a gas such as oxygen-free
nitrogen or argon, which serves to remove dissolved oxygen and to prevent
its introduction during the test (or to introduce it if required at predeter-
mined partial pressures) and to agitate the solution; additional agitation if
required can be obtained by means of a stirrer (electric or magnetic).

Figure 19.8 shows the design of an all-glass cell, which has been listed as
the standard polarisation cell in the ASTM Recommended Practice G5:1987,
which makes provision for the essential requirements listed above; this cell
is typical of those used for fundamental studies and for testing, although
details of design may vary.

Fig. 19.8 All-glass cell for studies of polarisation of metal electrodes (after ASTM G5:1987)

The metal electrode to be studied must be carefully prepared, attached to
an electrical lead and mounted so that a known surface area of one face is
presented to the solution. Several procedures are used such as mounting in
a cold setting resin (Araldite) or inserting into a close-fitting holder of p.t.f .e.
In the case of metal-solution systems that have a propensity for pitting care
must be taken to avoid a crevice at the interface between metal specimen and
the mounting material, and this can be achieved effectively by mounting the
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Fig. 19.9 Methods of mounting specimens, (a) Wire soldered to metal specimen, wire being
enclosed in glass tube; (b) specimen completely encapsulated in cold-setting resin and resin
ground down to expose one face; (c) specimen clipped into machined p.t.f.e. holder; (d) Stern-

Makrides91 pressure gasket for cylindrical specimen; (e) pressure gasket for sheet or foil95
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specimen in a cold-setting resin with approximately 1 mm thickness on the
working face; the latter is then removed by carefully abrading on emery
paper to expose the specimen. In view of the widespread use of the cell
shown in Fig. 19.8 suitable electrode holders, based on the use of a compres-
sion gasket of p.t.f.e. or a similar inert polymer, have been designed for
bulk metal specimens91'92, wires93, tubes94, sheets and foil95 and for high-
temperature high-pressure assemblies96. Examples of methods of mounting
specimens to give a defined area of surface are shown in Fig. 19.990.

Various types of reference electrodes have been considered in Section 20.3,
and the potentials of these electrodes and their variation with the activity of
the electrolyte are listed in Table 21.7, Chapter 21. It is appropriate, however
to point out here that the saturated calomel electrode (S.C.E.), the silver-
silver chloride electrode and the copper-copper sulphate electrode are the
most widely used in corrosion testing and monitoring.

To avoid contamination of the solution under study, and to minimise the
liquid-junction potential, it is usual to use a salt bridge, but in many cases
this can be dispensed with; thus if corrosion in a chloride-containing solution
is being studied a Ag/AgCl electrode immersed directly in the solution could
be used; similarly a PbXPbO2 electrode could be used for studies of corro-
sion in H2SO4.

Measurements of the Corrosion Potential

The significance of the corrosion potential in relation to the equilibrium
potentials and kinetics of anodic and cathodic reactions has been considered
in Section 1.4, but it is appropriate here to give some examples of its use in
corrosion testing. Pourbaix60 has provided a survey of potential measure-
ments in relation to the thermodynamics and kinetics of corrosion, and an
example of how they can be used to assess the pitting propensity of copper
in Brussels water is given in Section 1.6.

The determination of the corrosion potential of the two metals con-
stituting a bimetallic couple will provide information on which one of the
two will be predominantly anodic and will suffer enhanced corrosion when
they are coupled. Similarly the effect of microscopical heterogeneities in
alloys on corrosion has been investigated by measuring the corrosion poten-
tials of selected small areas of the surface of the metal. Smith and Pingel97

coated the surface of the metal with a lacquer of ethyl cellulose (deposited
from a volatile solvent), allowed it to dry and then perforated selected areas
with a micro-hardness tester using a steel stylus ground to a truncated cone,
and Budd and Booth98 using a similar technique were able to produce punc-
tures in the film down to 35 ̂ m diameter. Microelectrodes for potential mea-
surements were described by Cleary" who used a Ag/AgCl/Cl~ electrode
with capillary tips down to 15 /mi; Cleary also described micro-glass elec-
trodes of approximately 30 ̂ m diameter for the determination of pH. More
recently, Doig and Edington100 used microelectrodes with an internal dia-
meter at the tip of about 0-2/*m to measure localised corrosion potentials
in the grain boundary regions of aged Al-Mg and Al-Cu alloys, and
Davis101 used microelectrodes with a tip diameter of 1 ̂ m to measure pH
during stress corrosion of aluminium alloys.



Potential-time relationships have been widely used for studying film for-
mation and film breakdown, as indicated by an increase or decrease in the
corrosion potential, respectively. May102 studied the corrosion of 70/30
brass and aluminium brass in sea-water and showed how scratching the sur-
face resulted in a sudden fall in potential to a more negative value followed
by a rapid rise due to re-formation of the film; conversely, the pitting of
stainless steel in chemical plant may be detected by a sudden decrease in
potential103.

Hoar and his co-workers104'105 used potential changes to study film break-
down and repair during the stress-corrosion cracking of austenitic stainless
steels in boiling saturated MgCl2 solution. More recently, Horst, etal.106

have used potential measurements as a test to predict, the stress-corrosion
susceptibility of 2219 aluminium alloy products (alloys containing approx-
imately 6% Cu and tempered to give maximum strength and resistance to
stress-corrosion cracking). The test solution used was methanol plus carbon
tetrachloride and, it was shown that susceptible alloys were 200-50OmV
more positive than non-susceptible alloys, and that this difference in poten-
tial was revealed in less than 1 h. They claim that the test is more sensitive
than that in which sodium chloride plus hydrogen peroxide is used as the test
solution, since the latter gives potential differences of only 2OmV.

A detailed and well-referenced account of electrochemical methods of
testing has been written by Dean, France and Ketcham in a section of the
book by Ailor2. ASTM G5:1987 outlines standard methods for making
potentiostatic and potentiodynamic anodic polarisation measurements and
ASTM G3:1974 (R 1981) gives conventions applicable to electrochemical
measurements in corrosion testing.

Polarisation Resistance

It is evident from previous considerations (see Section 1.4) that the corro-
sion potential £"corr provides no information on the corrosion rate, and it is
also evident that in the case of a corroding metal in which the anodic and
cathodic sites are inseparable (c./. bimetallic corrosion) it is not possible
to determine /corr by means of an ammeter. The conventional method of
determining corrosion rates by mass-loss determinations is tedious and over
the years attention has been directed to the possibility of using instanta-
neous electrochemical methods. Thus based on the Pearson derivation107,
Schwerdtfeger, etal.m*m have examined the logarithmic polarisation
curves for 'potential breaks' that can be used to evaluate the corrosion rate;
however, the method has not found general acceptance.

Skold and Larson110 in studies of the corrosion of steel and cast iron in
natural water found that a linear relationship existed between potential and
the applied anodic and cathodic current densities, providing the values of
the latter were low. However, the recognition of the importance of these
observations is due to Stern and his co-workers58'59 who used the term
'linear polarisation' to describe the linearity of the rj — i curve in the region
of £corr., the corrosion potential. The slope of this linear curve, AE — A/
or AE — A/, is termed the polarisation resistance, /?p, since it has dimen-
sions of ohms, and this term is synonymous with 'linear polarisation' in



describing the 'Stern-Geary' technique for evaluating corrosion rates.
Stern and Geary58'59 on the basis of a detailed analysis of the polarisation

curves of the anodic and cathodic reactions involved in the corrosion of a
metal, and on the assumption that both reactions were charge-transfer con-
trolled (transport overpotential negligible) and that the /R drop involved in
determining the potential was negligible, derived the expression

-Uf^l -2-3 fb'+M]t (191)D A 17 "~ h I A I corr- ' * -V1*'U/cD lA/jJ r- I oa\oc\ JP ^~ ~/ corr. ^- ' ' -^

where Rp is the polarisation resistance determined at potentials close to
£corr, and ba,bc are the Tafel constants; note that in the case of bc the
negative sign is disregarded. This equation shows that the corrosion rate is
inversely proportional to /?p (or directly proportional to the reciprocal slope
of the AE - Ai curve) at potentials close to Ecorr (^> 10 mV), and at that icorr
can be evaluated providing the Tafel constants are known. For a process that
is controlled by diffusion of the cathode reactant (transport control) and in
which the anodic process is under activation control a similar linear relation-
ship applies:

--f^-l _2^_2^w
n A 17 — T — ~ • • .{ly.AJ/Vn V l\CL j F n nP ^- -^ ccorr. ua ua

where /L is the limiting current density of the cathodic reaction and it is
assumed that /L = /corr .

Stern and Weisert111 by taking arbitrary values of the Tafel constants
showed that corrosion rates determined by the polarisation resistance tech-
niques are in good agreement with corrosion rates obtained by mass loss
methods.

The importance of the method in corrosion testing and research has
stimulated other work, and since Stern's papers appeared there have been
a number of publications many of which question the validity of the concept
of linear polarisation. The derivation of linearity polarisation is based on an
approximation involving the difference of two exponential terms, and a
number of papers have appeared that have attempted to define the range of
validity of polarisation resistance measurements. Barnartt112'113 derived an
analytical expression for the deviations from linearity and concluded that it
varied widely between different systems. Leroy114, using mathematical and
graphical methods, concluded that linearity was sufficient for the technique
to be valid in many practical corrosion systems. Most authors emphasise the
importance of making polarisation resistance measurements at both positive
and negative overpotentials.

Oldham and Mansfeld115 approached the problem of linearity in a differ-
ent way and their derivation avoids the approximation used by Stern and
Geary. They conclude that although linearity is frequently achieved this is
due to three possible causes: (a) ohmic control due to the IR drop rather than
control according to linear polarisation, (b) the similarity of the values of
ba and bc and (c) a predisposition by the experimenter to assume that the
AE — A/ curves near Ecorr must be linear. In a later paper Oldham and
Mansfeld116 showed that linearity of the AE — A/ curve is not essential and



that /corr can be evaluated from the slopes of the tangents of the non-linear
curve determined at potentials of about 20-30 mV more positive and nega-
tive than Ecorr .

Hickling117, in attempting to study the corrosion of steels under thin film
conditions that simulate atmospheric exposure, took into account the
time-dependence of polarisation measurements, and developed a technique
using galvanostatic transients.

Tafel Constants

It is evident from equations 19.1 and 19.2 that the evaluation of /corr from
Rp determinations requires a knowledge of the Tafel constants ba and bc,
which may not be available for the system under study and which may
change in value during the progress of the determination. The determination
of the Tafel constants from complete TJ — / curves for each system studied
is time consuming, and may not be particularly accurate owing to resis-
tance and mass transfer effects. Hoar118 has criticised the method on these
grounds and has pointed out that the complete Tafel equations for the
anodic and cathodic reactions, which have to be determined to evaluate
the Tafel slopes, can be used to calculate /corr without resorting to the polar-
isation resistance technique (see Section 1.4). Mansfeld119"122 suggests that
polarisation curves obtained in the Rp region can be fitted to various theore-
tical curves, preferably by computer analysis, to give the separate value of
both ba and &c, which since they are determined simultaneously with the
Rp values avoids the criticism that they may change substantially during the
corrosion test (see p. 19:40).

The controversy that arises owing to the uncertainty of the exact values
of ba and bc and their variation with environmental conditions, partial con-
trol of the anodic reaction by transport, etc. may be avoided by substituting
an empirical constant for (ba + |£c | /^al^d) m equation 19.1, which is
evaluated by the conventional mass-loss method. This approach has been
used by Makrides123 who monitors the polarisation resistance continuously,
and then uses a single mass-loss determination at the end of the test to
obtain the constant. Once the constant has been determined it can be used
throughout the tests, providing that there is no significant change in the
nature of the solution that would lead to markedly different values of the
Tafel constants.

Applications

The method in spite of its limitations has a number of significant advantages
and provides a method of rapidly monitoring the instantaneous corrosion
rates; furthermore, it has the advantage that the small changes in potential
required in the determination do not disturb the system significantly. It is
capable of measuring both high and low corrosion rates with accuracy, and
may be used as a laboratory tool for testing or research, or for monitoring
corrosion rates of plant (see Section 19.3).



Stern59 pointed out that the polarisation resistance method could be of
value for determining the effect of changes of environment (composition,
temperature, velocity) and alloy composition on the corrosion rate and for
evaluating inhibitors, and since his original publications the method has been
widely used for a variety of studies. Thus Legault and Walker124 used the
method for studying the inhibition of the corrosion of steel in chloride solu-
tions by NaNO2, and France and Walker125 extended this approach to a
study of the IAI situ corrosion of the various metals in automotive-engine
cooling systems. Jones and Greene126 developed the theory of transient
linear polarisation to study very low corrosion rates, such as occur with
surgical implant materials, and have shown how polarisation resistance
data can be used to monitor the onset of pitting or other forms of localised
corrosion.

Wilde127 has applied the Jones d.c.-bridge technique128 to compensate for
errors due to the IR drop, and has obtained meaningful corrosion rates from
polarisation resistance data in high-temperature high-purity water in nuclear
reactors.

Bureau129 and others130 have tried to apply the technique for evaluating
the corrosion rate of painted metals, and although the results are controver-
sial the method has also been used successfully in the study of canning
materials and lacquered surfaces131"133.

Rowlands and Bentley134 have provided an account of the possibilities
for continuously monitoring corrosion rates by polarisation resistance
measurements, and they also describe the development of a commercial
instrument, which uses low-frequency square-wave current to polarise the
test specimens.

Derivation of Linear Polarisation Method for Determining Corrosion
Rates

It is assumed that

1. The corrosion current /corr (it is also assumed that the area of the metal
is 1 cm2 so that /corr = /corr) occurs at a value within the Tafel region
for the anodic and cathodic reaction, i.e. transport overpotential is
negligible.

2. £"corr is remote from the reversible potentials of the anodic and
cathodic reactions.

3. The IR drop in measuring the polarised potential is negligible.

Following Oldham and Mansfeld115, but using the symbols that have
been adopted in the present work, it is required to show that*

i£\ z=/--lWl -(19-3>[dEj £corr |_*a 6J

where &a, bc are the Tafel slopes of anodic and cathodic reactions con-
stituting the overall corrosion reaction, i.e. icorr is linearly related to the

* Note that the inclusion of the factor 2 • 3 (see equation 19.1) for converting In b to log b is not
necessary for this proof.



polarisation resistance (dE/d/) at potentials close to £corr •
At any potential E the net current is given by

/ = 'T- i/Ti +K- I/Ti ...(i9.4)
where /, is the anodic_current for metal dissolution and /, is the reverse
cathodic current, and /2 is the cathodic current for reduction of the cathode
reactant (dissolved O2, H3O+, H2O, etc.) and /^the reverse current.

The rate of the anodic reaction at a potential E is given by

I1T= /0,2expf^^| . . .(19.5)
L ^a J

where Eftl is the reversible potential for the anodic dissolution reaction, ba

is the Tafel slope and /0> { is the exchange current density. Similarly for the
cathodic reaction

|C|=/o,,expf-r^) ...(19.6)
L °c J

Similar expressions may be written for the partial reverse rates | /, | and I2,
but under the conditions assumed here they may be neglected. Hence sub-
stituting equations 19.5 and 19.6 in equation 19.4.

i = /0,,exp{^ |̂ - /0>2exp{^=^} . . .(19.7)

At the^ corrosion potential Ecorr the net current / becomes zero, since
/, = I / 2 | . Thus the two terms on the right-hand side of equation 19.7
become equal to one another and equal to /corr the corrosion density. Thus,
replacing E in equation 19.7 by Ecorr gives

W = fMexp|E~^~ £f-'j-= /0.2exp|£r'2 " E<°«^ .. .(19.8)

Differentiating equation 19.7 with respect to E gives

* = ̂ expf^=Al) + ̂ expf^-^) .. .(19.9)
d£ ba

 v\ b, J bc
 y\ bc J

which for E = ̂ 0,, becomes

[I] -W58V^VW511THV^-^^corr. ^a L ^a J ^c L ^c J
...(19.1O)

Combining equations 19.8 and 19.10 gives equation 19.3 the Stern Geary
equation by simple algebra. However, Oldham and Mansfield point out that
further differentiation of equation 19.9 gives

S-SM^)-SMW -'"•">



an equation which demonstrates that there is only one point (a point of
inflection, corresponding to a minimum slope) at which the di-dE curve has
no curvature and is linear. It follows that

fd20 1O-' ^/^corr. -^M! /0,2 /^r.2 ~ ^corr.lIdIJiL=»rxpr^r-J - ̂ expl"T—)
...(19.12)

and combining this equation with equation 19.8 gives

(ML^bH]
For the E - i plot to be linear at E « ECOTT

r#r\

U*2.k,.

must be zero, but equation 19.13 shows that this will be true only if
ba = bc.

Simultaneous Determination of Tafe/ Slopes and Corrosion Rates
from Rp Determinations

Mansfeld122 points out that a major limitation of the polarisation resistance
is that the factor babc/2-3(ba + bc) must be determined in order to evaluate
/corr , and has devised a procedure in which this can be achieved by a graph-
ical method.

The Stern-Geary equation can be written in the form

'--oiSTsriH -<19-14)

where B =Mabc/2-3(ba + bc) and Rp = (dEYd/)£corr. Equation 19.14 is
valid only if the relationship between / and E can be expressed as

/-/ Jexp (2'3(E ~ E- •>! - exp f- 2'3(£ " ̂ l I
cor rl P L *a J Pl b, Jj

...(19.15)

Combining equations 19.14 and 19.15 and rearranging gives

Mc f f2-3A£n f 2-3A^"!

^'-^rUH—J -""1.--.Jj
...(19.16)

where AE = E - ECOTT. Since the right-hand side of equation 19.16 depends
onlu upon the Tafel slopes it should be possible to evaluate ba and bc from
plots of RpLvs9 AE.
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Fig. 19.10 Plots of the right-hand side of equation 19.16 vs. AE -E- EcorT for various
combinations of Tafel slopes, (a) bc constant at 120 mV, ba varied, and (b) 6a = bc = b (after

Mansfeld122)

Figure 19.10« shows a theoretical plot of the right-hand side of equation
19.16 ws. AE in which the cathodic Tafel slope has been assumed to be cons-
tant at 120 mV and the anodic Tafel slope to have the arbitrary slopes of 40,
60 and 12OmV. It can be seen that linearity over a range of positive and
negative potentials AE is achieved only when ba = bc and that linearity is
confined to AE « O when ba and bc differ.
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In Fig. 19.106 it has been assumed that the Tafel slopes are equal, i.e.
ba = bc = Jj and the modified expression for the right-hand side of equa-
tion 19.16 has been plotted against AE for different values of £(30, 60 and
12OmV). Comparison of Fig. 19.1Oa and 19.106 shows how the curvature
of the plots differs at cathodic potentials, i.e. AE < O. Thus the kinetic
behaviour of a corroding metal, as expressed by different combinations
of Tafel slopes, can be organised by this method of plotting curves. This
theoretical approach has been confirmed experimentally by Mansfeld for the
system FeXH2SO4.

Mansfeld points out that /corr can be calculated from the measured
polarisation curve by the following four steps which are based on equations
19.14 and 19.15.

1. Determine Rp from

fd/] -*-ld*L.-*p

by drawing a tangent at AE — O i.e. at Ecorr .
2. Multiply the current / measured at a certain value of AE by 2 • 3 RP and

plot 2-3 RpI vs. AE for various values.
3. Determine from this plot the Tafel slopes ba and bc by curve fitting

using the theoretical curves calculated for various values of 6a and bc.
4. Calculate /corr from equation 19.14 using the /?P, value evaluated in

Step 1 and the Tafel slopes determined in Step 3.

Tests for Bimetallic Corrosion

The extent of galvanic effects will be influenced by, in addition to the usual
factors that affect corrosion of a single metal, the potential relationships of
the metals involved, their polarisation characteristics, the relative areas of
anode and cathode, and the internal and external resistances in the galvanic
circuit (see Section 1.7).

The results of a galvanic corrosion test on a small scale are as a general
rule no more than semi-quantitative. A principal reason for this is that the
magnitude of the galvanic effect is a function of galvanic current density
which is usually determined by the relative areas of the metals forming the
couple. There may also be major differences in circuit resistances in tests as
compared with practice —especially if current-measuring shunts of substan-
tial resistance are made part of the circuit in the test. The geometric relation-
ship between the metals in the test will also influence the result through effects
on electrolyte resistance and the distribution of the galvanic currents.

The simplest procedure in studying galvanic corrosion is a measurement
of the open-circuit potential difference between the metals in a couple in
the environment under consideration. This will at least indicate the prob-
able direction of any galvanic effect although no information is provided on
the rate. A better procedure is to make similar open-circuit potential mea-
surements between the individual metals and some appropriate reference
electrode, which will yield the same information and will also permit obser-



vations of any changes in potential of the individual metals with time that
will affect the overall potential difference in the couple. For most practical
laboratory testing, the saturated calomel half cell is most convenient. The
precision of the determinations is adequate and it is easy to maintain a cons-
tant concentration of potassium chloride.

The preferred potential-measuring instruments are potentiometers or elec-
trometers, either of which permit measurements to be made without flow
of sufficient current to polarise the electrodes during the determinations. It
is also possible to use millivoltmeters if the internal resistance of the instru-
ment is high enough to avoid any appreciable flow of current.

Open-circuit potential measurements do not indicate the all-important
effects of continued current flow, and much more information is derived
from frequent or continuous determinations of the magnitude of the gal-
vanic current. In making these measurements it is necessary to avoid the use
of instruments that will introduce sufficient resistance to exert a controlling
effect on the magnitude of the galvanic current being measured. Instruments
(zero-resistance ammeters) are available that permit current measurements
to be made with zero resistance in the measuring circuit.2 This may also be
achieved by connecting the two metals to the input of a potentiostat and set-
ting the control potential to zero volts; the output current of the potentio-
stat will then be equivalent to the galvanic current flowing between the two
metals.

In many cases it will suffice to include in the circuit a shunt of appro-
priately low resistance over which IR-drop potential measurements can be
made for ready calculation of the magnitude of the current flow. This tech-
nique permits measurements to be made as required without opening the
circuit even momentarily for the introduction of current-measuring devices.
It is also possible to arrange instruments in a circuit so that no measuring
resistance is introduced in the galvanic current circuit135.

An obvious method for studying galvanic corrosion either with or without
supplementary electrical measurements is to compare the extent of corrosion
of coupled and uncoupled specimens exposed under identical conditions.
Such measurements may use the same techniques for estimating corrosion
damage, such as mass-loss determinations, as have been described in connec-
tion with ordinary corrosion tests.

A convenient method of carrying out such a galvanic test in the laboratory
has been described by Wesley136 in which the vertical circular-path machine
is used. Each assembly includes two pairs of dissimilar metals —one pair
coupled galvanically while the other pair is left uncoupled in order to deter-
mine the normal corrosion rates under the same environmental conditions.
The type of motion provided (specimens moving in a vertical circular path)
enables electrical connections to be made without mercury cup or commu-
tator and the leads can be connected to a calibrated resistance for current
measurements attached to the specimen carrier.

It is often of interest also to measure both the external and internal
resistances of the galvanic circuit by the use of appropriate resistance-
measurement bridges or by even more elaborate techniques such as have
been described by Pearson107.

It is often desirable to know something about the probable distribution
of galvanic effects in a galvanic couple. This will be determined, of course,



by the size and shape of the different metals and how they are placed rela-
tive to each other —whether more or less parallel in the electrolyte, close
together or far apart, or joined along some line of contact. The distribution
from such a line of contact may be observed directly if the test couples are
exposed in this way and for long enough for sufficient corrosion to occur
for it to be observed and measured. Alternatively, the distribution of the
galvanic currents in terms of the current density on different portions of
both the anode and cathode surfaces may be estimated from data derived
from surveys of the potential field in the electrolyte around the couple.
Such a potential survey may be made using a fixed and a movable reference
electrode so that equipotential lines in several planes may be measured and
plotted as was done by Copson137 using a technique originally proposed by
Hoar. By laborious analysis of the data from the potential surveys, it is possi-
ble to calculate the current distribution over different areas near to and
remote from the contact of the dissimilar metals. This technique has been
used by Rowe138 to study the corrosion behaviour of coated and uncoated
couples.

Guidance on conducting and evaluating galvanic corrosion tests in elec-
trolytes is given in ASTM G71: 1981 (R1986).

Soil Tests

Soil corrosion does not lend itself readily to direct study in the laboratory.
However, indirect methods involving the action of differential aeration cells
have yielded valuable information in comparing the probable corrosivities
of different soils towards steel. The details of this technique were described
by Denison139, Ewing140, Schwerdtfeger141'144, and by Logan, Ewing and
Denison145.

The Schwerdtfeger141"144 'polarisation break' and the polarisation resis-
tance methods have been studied by Jones and Lowe146 in relation to their
effectiveness in evaluating corrosion rates of buried metals. A Holler bridge
circuit was used to remove IR contributions during the measurement of the
polarised potential. Jones and Lowe, on the basis of their studies of buried
steel and aluminium specimens, concluded that the polarisation resistance
was the most useful, and that the polarisation break had the serious limita-
tion that it was difficult to identify the breaks in the curve.

Accelerated Tests—Electrolytic Tests

In view of the electrochemical nature of corrosion, it has seemed reasonable
to many investigators to assume that suitable accelerated corrosion tests
could be made by observing the response to electrolytic stimulation of the
corrosion processes, or by attaching particular significance to the results of
quickly made electrode potential and current measurements.

Acceleration of corrosion by electrolytic stimulation has sometimes been
found to distort normal corrosion reactions to such an extent that the results
bear no consistent relationship to ordinary corrosion and are, therefore,
quite inconsistent and unreliable. This was shown, for example, by a series



of tests sponsored by ASTM Committee B-3147~148. Nevertheless, consider-
able success has been achieved over the development of the electrochemical
potentiokinetic reactivation (EPR) test as an accelerated method for the
detection of sensitisation in austenitic stainless steels. This is discussed sub-
sequently in the section concerned with intergranular attack of Cr-Ni-Fe
alloys.

Some investigators149'150 have advocated a type of accelerated test in
which the specimens are coupled in turn to a noble metal such as platinum
in the corrosive environment and the currents generated in these galvanic
couples are used as a measure of the relative corrosion resistance of the
metals studied. This method has the defects of other electrolytic means of
stimulating anodic corrosion, and, in addition, there is a further distortion
of the normal corrosion reactions and processes by reason of the differences
between the cathodic polarisation characteristics of the noble metal used as
an artificial cathode and those of the cathodic surfaces of the metal in ques-
tion when it is corroding normally.

Measurements of open-circuit potentials relative to some reference elec-
trode have been assumed on occasion to provide a means of rating metals
as to their relative resistance to corrosion on the basis that the more negative
the measured potential, the higher will be the rate of corrosion, but this
assumption is obviously invalid, since it disregards polarisation of the anodic
and cathodic areas.

Some examples have been given of the use of potential measurements in
corrosion tests and it is of interest to outline here certain test procedures that
are used industrially to supplement or replace the more tedious and pro-
longed laboratory and field tests. These tests frequently rely on changing the
potential as a means of accelerating the test, and although, as emphasised
above, this is capable of distorting the mechanism, it is less likely to do so
than a change in the nature of the environment, an increase of tempera-
ture, etc. The majority of these tests are used for evaluating electrodeposits,
anodised coatings and paint films.

Electrolytic Oxalic Acid Etching Test

This test has been developed and used by Streicher151"154 as a screening test
to be used in conjunction with the tedious boiling nitric acid test for assess-
ing the susceptibility of stainless steels to intergranular attack as specified in
ASTM A262:1986, and will be considered subsequently in the section con-
cerned with intergranular attack of Cr-Ni-Fe alloys.

The Electrolytic Corrosion (EC) Test

The EC test was developed by Saur and Basco155"158 for decorative Cu
(optional) -I- Ni + Cr electrodeposits. After an appropriate area is masked
off and cleaned with a slurry of MgO, the specimen is immersed in test solu-
tion A or B (Table 19.2). It is held by means of a potentiostat at +0- 3 V (vs.
S.C.E.) and taken through cycles of 1 min anodically polarised, 2min
unpolarised.



Table 19.2 Electrolytic corrosion test: composition of test solutions (A9 E)
and indicators (C, £>)155-158

Concentration

NaNO3CgI-1)
NaClCgI-1)
HNO3(COnC^gI-1)
1,10-Phenanthroline hydrochloride (g I"1)
KCNS
Acetic acid (glacial, ml I"1)
Quinoline (ml I"1)
H2O2OO^o)(HiIr1)

A
10
1-3
5

B
10
1-0
5
1-0

C

3
2
8

D

3
2

3

The extent of pitting is estimated by a special microscopical technique,
or by the attack on the substrate using an appropriate indicator. Thus in
the case of steel 1,10-phenanthroline hydrochloride is added to the elec-
trolyte (solution E) to detect the formation of Fe2+ ions. Alternatively, the
specimens can be removed from the corrosion test solution and placed in an
indicator solution, i.e. solution C for zinc-base die castings and solution D
for steels.

The test is much faster than the CASS test (see page 19:49) and is probably
more reproducible; more important is the fact that it has been correlated
with service exposure.

Impedance (Aztac) Test

The impedance test159 for anodised aluminium (ASTM B457:1967 (198O))
employs a 1 V r.m.s. 1 kHz source applied to a test cell in an impedance
bridge; the electrolyte solution is 3-5% NaCl. The results are expressed as
kilo-ohms, and whereas a bare Al specimen will give a value of about 1 k!2,
a well-scaled anodised coating will give a value of 10OkQ. The admittance
test (BS 1615:1987 and BS 3987:1974) is essentially the same as the impe-
dance test but uses 3-5% K2SO4 rather than 3 • 5% NaCl. An admittance of
< 500// fiS (where t is the thickness of the film in /*m) denotes good sealing.
It should be noted that thickness of the sealed coating should be specified in
both tests.

Accelerated Tests— Simulated Environments

Spray Tests

The most common of the spray tests is the salt-spray or salt-fog test which
was developed originally by Capp160 in 1914 for studying the protective
values of metallic coatings on steel under conditions that he hoped would
simulate exposure to a sea-coast atmosphere. Since then the test has been
used for a number of purposes, for many of which it is not well suited161"163.

Although there is no standard size or shape of salt-spray box certain other
features of the test have been standardised in ASTM 6117:1990. Various



Angle of panel with horizontal

Fig. 19.11 Effect of specimen position on corrosion in salt-spray tests; specimens of cold-
rolled steel, (a) 20% NaCl, (b) synthetic sea-water

There may be variations from box to box, depending on differences in fog
characteristics as influenced by the design of the spray nozzles, the pressure
at which the brine enters the nozzle, and the constancy of this pressure165.

The results will also be influenced by the concentration of NaCl solution
sprayed —some metals are affected more by one concentration than another
— for example, zinc is corroded most by a concentrated brine (20%), while
iron is corroded most by a dilute brine (3%); synthetic sea-water is less cor-
rosive to these metals than either brine. In view of the many other ways by
which the conditions within a salt-spray box differ from those of exposure
to a natural sea-coast environment, there seems to be no great advantage in
making-up complicated synthetic sea-waters for use in salt-spray testing.
However, tablets for this purpose are commercially available.

Some modified brines have been used in salt-spray boxes for particular
purposes, such as the acetic acid-modified brine developed by Nixon166 to
reproduce the type of blistering frequently encountered on chromium-plated
zinc-base die castings. An acetic acid-salt-spray test has been adopted by
ASTM (ASTM G85:1985 (199O)) and other modifications of the spray test
covered by the same standard practice include the cyclic acidified salt spray
test, the acidified synthetic sea-water spray test and the SO2 salt spray test.
Corresponding tests in the BS series are covered by BS 1224:1970. In addi-
tion the original acetic acid-salt-spray test has been modified by including
cupric chloride in the brine. This is called the CASS (Copper Accelerated
Acetic Acid Salt-Spray) Test; ASTM 6368:1985 test. It is used extensively
for testing nickel-chromium coatings on steel and zinc. The original acetic
acid-salt-spray test, is modified in an important aspect by the addition of
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factors affect the rate of attack and Fig. 19.11 shows the effect of angle of
exposure of the specimen to the salt droplets, which fall vertically from the
spray nozzle, based on early work by May and Alexander164. It can be seen
that maximum corrosion occurs at angles between about 30 and 80° to the
horizontal; vertical exposures were found to give erratic results.



0-25 g I"1 of CuCl2 -2H2O, to the 5% NaCl test solution, which substan-
tially increases the corrosivity of the solution, especially to nickel. The addi-
tion of FeCl3 to the acetic acid-salt-spray solution, such as is used in the
Corrodkote test, was early noted to be troublesome in that it tended to
precipitate. For this reason, ferric iron is not included in the CASS test
solution. Essential details167'168 include control of cabinet temperature at
490C, control of saturation temperature at 570C, control of collection rate
at 1 -5 ± 0-5 m h"1 per 80 cm2 of specimen surface, control of pH by addi-
tion of acetic acid to 3-2 ± O-1, and an operating air pressure of 103-4 ±
6 - 9 k N m ~ 2 . Higher pressure may be required to achieve the specified
collection rate in 'walk in* cabinets.

It has been shown that chromium is virtually unattacked by the CASS
test solution169. Nickel, on the other hand, is corroded at a substantial rate
(about 0-072mm/y), the presence of the copper ions tending to maintain
the nickel in an active state169'170. Thus, in the CASS test (and in the
Corrodkote test as well) accelerated galvanic corrosion of the nickel occurs
at any discontinuities in the chromium layer. Good correlation between the
results of the CASS test and the performance of plated parts in service has
been reported169.

Corrodkote Test161'111

This is a refinement of an earlier test in which melted street slush together
with its contained dirt, salts, etc. was splashed upon plated parts by means
of a rotating paddle wheel. Parts soiled in this manner were then exposed
to a warm, humid atmosphere. The results were striking and significant in
that they closely paralleled service experience. The 'paddle-wheel test' was
intended to simulate the conditions to which plated parts on automobiles are
subjected when cars are garaged, unwashed, after being driven over salted
slush-covered city streets on typical winter days. Platings of inadequate
thickness and quality have frequently been observed to show signs of failure
after only a few weeks' or even a few days' use under such circumstances.
Despite certain limitations, good correlation has been reported between the
results of the Corrodkote test and service performance of plated compo-
nents136, and it is now included in ASTM B380:1985 and BS 1224:1970 and
ISO 4541:1978. Reagents for use in this test are prepared as follows.

1. The cupric nitrate reagent contains 2 -5g CuNO3 -3H2O, dissolved in
500ml distilled water.

2. The ferric chloride reagent contains 2 -5g FeCl3 -6H2O, dissolved in
500ml distilled water. This reagent should not be kept longer than two
weeks.

3. The ammonium chloride reagent contains 5Og NH4Cl, dissolved in
500 ml distilled water.

4. The Corrodkote slurry is prepared by mixing 7 ml of the cupric nitrate
reagent, 33ml of the ferric chloride reagent, and 10ml of the
ammonium chloride reagent with 30 g of kaolin to form a homogeneous
slurry, which is sufficient slurry to cover about 2-79m2 of plated
surface. A fresh batch of slurry should be made up each day.



5. The surfaces to be tested should be coated with the slurry by brushing
with a circular motion, finishing with brush strokes in one direction.
The coating should then be allowed to dry for 1 h, after which the
coated specimen should be put into a non-condensing humidity cabinet
at 380C and from 90 to 95% r.h. After 20 h in the cabinet the specimen
should be removed for inspection. Zinc die castings should be cleaned
with running water and dried before inspection. Steel specimens should
be examined before cleaning and the number of rust spots counted.
Since most of the rust will come off with the Corrodkote coating, it may
be difficult to distinguish after cleaning between surface pits and pin
holes reaching the basis metal. Steel parts may be returned to a condens-
ing humidity cabinet for 24 h or to a salt-spray cabinet for 4 h. Either
supplementary exposure will bring out rust spots again.

One cycle of the Corrodkote test will reliably reveal coatings that will not
endure one winter's normal use in a typical city which uses salt to de-ice its
streets. In contrast, several cycles of the Corrodkote test are generally
required to 'fail' coatings which will withstand one or more such winter's use.

In this connection, there is some indication that while the Corrodkote test
can be depended upon to reveal coatings of unsatisfactory durability, there
has been some question as to its ability to distinguish between, or to predict
the relative protective value or length of useful life of, different coating
systems in the very good or excellent durability range.

Also of questionable significance is the practice of shortening the Cor-
rodkote cycle, to say 4 h, for the purpose of evaluating the durability of
relatively thin coatings intended for use under comparatively mild conditions
such as indoors or the interiors of automobiles, since by far the greatest
amount of corrosion (of the nickel) appears to occur during the early part
of the Corrodkote humidity cycle. Good correlation between the Corrodkote
test and service performance has been obtained by Bigge171.

Sulphur Dioxide Tests

Historically, two tests in which sulphur dioxide is the principal corroding
agent have been used i.e. the BNFMRA* sulphur dioxide test172'173 and the
Kesternich test174. These tests were investigated by the American Electro-
platers Society Research Project 15 Committee early in its search for an
acceptable accelerated corrosion test. They were soon abandoned, however,
largely because the types of corrosion failures developed did not resemble
those which occurred in actual service. Furthermore, the extreme corrosivity
of the test environment to nickel (some 8-38mm/y) appeared to place an
undue premium on the integrity of the overlying chromium deposit which is
virtually unattacked in the test. Thus, coatings which were substandard in
respect of nickel or copper-nickel thicknesses might easily pass the test pro-
vided the chromium top-coat was completely continuous and remained so
for the duration of the test. Conversely, coatings of proven merit on the
basis of service experience, such as 0.039 mm of semi-bright plus bright

* British Non-Ferrous Metals Research Association.



nickel (duplex) with 0.00025mm of conventional chromium, could be
expected to fail in these SO2 tests relatively quickly at any discontinuities
in the chromium. In this connection, it is well to keep in mind that, even
though the chromium may be non-porous initially, it can hardly be expected
to remain so in service on an automobile, for example where it is subject to
impact from sand, gravel, etc.

The BNFMRA test was used in Europe for testing Ni -I- Cr coatings, but
since 1970 it has been omitted from revisions of BS 1224. The test was also
used to ensure the quality of anodic coatings on aluminium, but in the cur-
rent British Standard (BS 1615:1987) the acetic acid salt spray test (BS
5466:Part 2:1977) or the copper-accelerated salt spray test (BS 5466:Part
3:1977) are specified for corrosion testing. In the UK, the Kesternich test (BS
5466:Part 8:1986), which has obtained the status of an ISO Standard (ISO
6988:1985), is only specified for checking the extent of porosity in tin (BS
1872:1984), tin/lead (BS 6137:1982) and tin/nickel (BS 3597:1984) coatings.
In the USA, another version with a much more aggressive atmosphere is
used to detect porosity in gold coatings on copper, nickel or silver (ASTM
6735:1984) but the equivalent British Standard (BS 4292:Part 1:1989)
specifies electrographic tests for this purpose.

Sulphur dioxide is not included as a corrosion test medium in the current
ISO Standard for electrodeposited coatings of nickel -I- chromium and of
copper + chromium (ISO 1456:1988). However, one important use of
sulphur dioxide atmospheres as a controlled accelerated test has been for
electrical (and, particularly, electronic) contacting surfaces. In this case, the
concentration of SO2 is much less than for the Kesternich test and the time
of testing is much longer. There has been much international controversy on
how to generate and control the low concentrations of gases used to simu-
late 'real' industrial atmospheres in which this type of component has to
function over a long period. Therefore, there are now some differences
between the IEC 68-2-49:Kc specification of 1983 and BS 2011:Part
2:Kc:1977 even though they have the same title ('Sulphur dioxide test for
contacts and connections').

Because moist air containing sulphur dioxide quickly produces easily
visible corrosion on many metals in a form resembling that occurring in
industrial environments, ASTM have issued a Standard Practice for conduc-
ting tests in moist SO2 (G87:1984). This suggests that such tests are well
suited to detect pores or other sources of weakness in protective coatings and
deficiencies in corrosion resistance associated with unsuitable alloy composi-
tion or treatments. However, it is stressed that the results obtained should
only be taken as a general guide to the relative corrosion resistance of these
materials in moist SO2 service.

General Considerations of Spray and SO2 Tests

The various corrosion tests specified for testing of articles having metallic
coatings, including salt spray and SO2 tests, have been brought together in
a single British Standard (BS 5466:1988) which has nine parts, each of which
has an ISO equivalent. These standards should be regarded as the main



source of information on approved test methods for ascertaining the general
corrosion resistance of metallic coatings.

The salt spray test has seemed to yield the most consistent results when
used to establish the relative merits of different aluminium alloys in resisting
attack by marine atmospheres. The best results have been secured when the
spray has been interrupted for so many hours each day175.

Salt spray boxes are also used for studying the deterioration and protec-
tive value of organic coatings, although this test is of doubtful value for such
purposes, since it fails to include many factors, e.g. sunlight, which affect
the life of such coatings. Methods of testing organic coatings are discussed
in a later section. The variable responses of different metals and coatings to
the conditions that can be set up in salt spray boxes, as well as to the con-
ditions that exist in natural atmospheres, make it impossible to determine
the equivalent in some natural atmosphere of say an hour in a salt spray
box.

For additional information on some of the features of the salt spray test
and its limitations in respect of certain of the purposes for which it may be
used, reference should be made to the book Corrosion Testing for Metal
Finishing116 prepared by the Institute of Metal Finishing.

There have been several attempts to develop rather elaborate testing
machines in which specimens may be subjected to various sprays of fogs
with cycles of condensation, heating and drying. The object has been to
reproduce the conditions encountered by metals exposed in polluted indus-
trial atmospheres. Such devices have been experimented with in the UK177

and the USA178. While it is sometimes possible by such tests to rate steels in
a rough order of resistance to atmospheric corrosion, it should be appre-
ciated that the nature of rust formed may differ from that obtained during
actual exposure. It is only in rare cases that the resistance to attack by the
sprays is analogous to their resistance in the natural atmosphere which the
tests seek to simulate. Such parallelism is not common enough to make these
tests very reliable179.

Dennis and Such180 point out that the BNFMRA SO2 test was really a
means of detecting discontinuities in the chromium layer of a Cr -I- Ni
coating system, and it therefore gave unfavourable results when used for
testing micro-cracked or micro-porous Cr, since the Cr was rapidly under-
mined, with consequent flaking. Conversely, the test exaggerates the bene-
ficial effect of crack-free Cr. The test also fails to indicate the improved
corrosion resistance of duplex Ni as compared with bright Ni. A critical
account of laboratory corrosion testing methods for Ni-Cr coatings is given
by Dennis and Such181.

Accelerated Tests for Weathering Steels

Recent interest in weathering steels has stimulated work on accelerated
laboratory tests which can be used to investigate the effect of alloy composi-
tion on performance. It is well established that a wetting and drying cycle
should be an integral part of any laboratory test in which the characteristic
properties of weathering steels are revealed182, and Bromley, Kilcullen and



Fig. 19.12 Rig used for a laboratory evaluation of weathering steels, (a) General layout of rig
showing unimmersed and immersed position and (b) detailed view of central portion of cabinet

(after Bromley, Kilcullen and Stanners183)

Stanners183 have designed a test rig (Fig. 19.12) which provides results that
can be correlated with actual atmospheric exposure data. The rig has been
designed to investigate a wide range of alloying elements in a development
programme on slow-weathering steels for which it was essential to have a
rapid, reliable and reproducible test that incorporated the specific atmo-
spheric factors responsible for rust formation.

The results obtained with this equipment show that the corrosion rate
in the rig is about four times that encountered in an industrial UK atmo-
sphere. This acceleration, however, is not achieved by accentuating any of
the environmental factors, but rather by holding them near to the worst
natural conditions for as long as possible. The procedure used ensures that
the rust film is completely dried for short periods, thus simulating the con-
ditions that bring out the beneficial effects of protective rust films on the
steels under study.

The use of electrochemical tests for rapid assessment of the performance
of these steels has attracted interest, and Pourbaix184 has devised an appa-
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Fig. 19.13 Equipment for studying 'patina' formation on low-alloy steels (after Pourbaix l84)

ratus in which potential measurements are used to evaluate the protec-
tive nature of corrosion products formed on low-alloy steels, such as the
weathering steels, during periodic wetting and drying. The apparatus
(Fig. 19.13) consists of a glass tank containing an appropriate electrolyte,
such as a natural or artificial water. Two specimens of the metal or alloy
under study are attached to a spindle which rotates slowly (about 1 rev/h)
so that the specimen is immersed in the solution for approximately half the
time and exposed to the atmosphere for the remainder. An electric lamp is
placed above the tank so that the specimens remain wet for a time after
withdrawal from the solution, but are completely dried during the cycle.
Measurement of the potentials of the specimens at the beginning and end
of the immersion period is effected by means of the commutators, which
are attached to the spindle but electrically insulated from it, and a reference
electrode. The e.m.f. taken from the terminals can be fed to a multipoint
recorder so that a recording of the E-time relationship may be obtained for
each specimen. The solution can be made to circulate slowly by allowing it
to drip in from a feed and overflow via a siphon. In a variation of the
apparatus a Luggin capillary is attached to the sample so that the potentials
can be measured during the period when the specimen has emerged from the
solution but is still wet.

Figure 19.14 shows results obtained from the apparatus for different steels
some of which (Nos. 1, 2, 3 and 7) form a protective patina of corrosion pro-
ducts, whilst others (Nos. 4, 5, and 6) form patinas that are non-protective;
the criterion adopted is that the more positive the potential the more protec-
tive is the rust patina184.

Legault, Mori and Leckie185'186 have used open-circuit potential vs. time
measurements and cathodic reduction of rust patinas for the rapid labora-
tory evaluation of the performance of low-alloy weathering steels. The steel
specimens are first exposed for 48 h to the vapour of an 0-001 mol dm"3

sodium bisulphite solution maintained at 540C (humid SO2-containing
atmosphere) to stimulate corrosion under atmospheric conditions. They are
then subjected to two types of test: (a) open-circuit potential-time tests for
periods up to 3 OOOs in either distilled water or O-1 mol dm~3 Na2SO4 and
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Fig. 19.14 Relationship between E (vs. S.H.E.) and time for steels that form a protective
patina (Nos. 1, 2, 3 and 7) and those that form a non-protective patina (Nos. 4, 5 and 6). E is
determined by the equipment shown in Fig. 19.13 and is determined during initial immersion

of the specimen (after Pourbaixl84)

(b) cathodic reduction in O-1 mol dm~3 Na2SO4 at 1 mA cm~2 c.d. In the
cathodic reduction experiments, which provide a means of evaluating the
degree of rusting187, both the potential and time are recorded, the onset of
hydrogen evolution at constant potential being taken as the end point and
giving the oxide-reduction time.

In order to evaluate the tests determinations were carried out on the steels
that had been exposed to the atmosphere for 1, 2, 3, 4 and 6-month periods.
It was established that the initial open-circuit potential and the decrease in
potential (more negative) with time varied with the nature of the steel and
the time of exposure to the atmosphere, and the maximum negative poten-
tial was taken as a measure of corrosion resistance; the more negative the
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potential the lower the resistance of the alloy. In the case of three alloy steels
that differed only in copper content it was found that the open-circuit poten-
tial was related to the corrosion rate as assessed by conventional weight
loss.

A relationship was also established between the oxide-reduction time and
time of exposure, and the results for a mild steel and a ICu-BNi weathering
steel were similar to those obtained by mass loss. The authors give various
expressions that relate oxide-reduction time (min) with corrosion rate
(mm/y), and claim that a short exposure to a laboratory SO2 atmosphere
followed by determining the E vs. time and oxide-reduction time provides a
rapid method of evaluating weathering steels.

lntergranular Attack of Cr-Ni-Fe Alloys

Early in the history of stainless steels it was recognised that they were highly
susceptible to intergranular attack resulting from the precipitation of Cr-Fe
carbides with the consequent depletion in the chromium content at grain
boundaries when the alloy was heated in a specific range of temperature (see
Sections 1.3, 3.3 and 9.5). It was necessary, therefore, to develop methods
of testing that would detect susceptibility to intergranular attack as influ-
enced by variations in processing and/or composition. As will be seen, most
reagents used for these tests are highly aggressive, and it is important to note
that an alloy found to be susceptible during testing will not necessarily be
attacked intergranularly under the milder environmental conditions that
may prevail in service.

Brown188 has pointed out that Du Pont use evaluation tests for (a) as-
received unstabilised alloys containing more than 0-03% C to check the
effectiveness of the final heat treatment and (b) stabilised or special low-
carbon grades after a sensitising treatment (1 h at 6770C) to determine
whether susceptibility might develop during a subsequent welding operation.

Intergranular corrosion of Fe-Ni-Cr alloys has been the subject of a com-
prehensive review by Cowan and Tedmon189 who summarised the various
tests used for determining susceptibility (Table 19.3). Of these tests,
Nos. 1-5, which are regarded as reliable test procedures by the ASTM, have
been incorporated into ASTM A262:1986 'Recommended Practice for
Detecting Susceptibility to Intergranular Attack in Stainless Steel' as follows:

Practice A —10% oxalic acid, electrolytic etching at ambient
temperatures

Practice B-Boiling 50% H2SO4 + 2SgT 1 Fe2(SO4J3
Practice C-Boiling HNO3
Practice D-10% HNO3 + 3% HF at 7O0C
Practice £-Boiling 16wt.% H2SO4 H- 5-7% CuSO4 + metallic copper

It should be noted that although ASTM A262:1986 provides details of
test procedures no information is given on typical corrosion rates or accep-
table limits for various heat-treated alloys, which are regarded as outside the
province of a specification that describes test procedures. Table 19.4, taken
from a paper by Brown188, shows the maximum acceptable evaluation test
rates specified by the Du Pont Company for various alloys tested by the acid
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