
19.2 The Potentiostat and its
Application to Corrosion Studies

The potentiostatic technique discussed here involves the polarisation of a
metal electrode at a series of predetermined constant potentials. Potentio-
stats have been used in analytical chemistry for some time1; Hickling2 was
the first to describe a mechanically controlled instrument and Roberts3 was
the first to describe an electronically controlled instrument. Greene4 has
discussed manual instruments and basic instrument requirements.

The determination of polarisation curves of metals by means of constant
potential devices has contributed greatly to the knowledge of corrosion pro-
cesses and passivity. In addition to the use of the potentiostat in studying
a variety of mechanisms involved in corrosion and passivity, it has been
applied to alloy development, since it is an important tool in the accelerated
testing of corrosion resistance. Dissolution under controlled potentials can
also be a precise method for metallographic etching or in studies of the selec-
tive corrosion of various phases. The technique can be used for establishing
optimum conditions of anodic and cathodic protection. Two of the more
recent papers have touched on limitations in its application5, and differ-
ences between potentiostatic tests and exposure to chemical solutions6.

In this section an attempt is made to give a more detailed introduction to
experimental procedures, as well as to some of the ideas where the use of
the potentiostat has helped in the understanding of corrosion processes.

Experimental Apparatus

Instruments very suitable for corrosion work are readily available, with
several different models produced commercially. Although most, if not all,
of the available potentiostats are properly designed, it should be kept in mind
that corrosion studies require the instrument to have a low internal resistance
and to react quickly to changes of potential of the working electrode.

A basic circuit is shown schematically in Fig. 19.36(0). The specimen C.,
or working electrode W.E. is the metal under study, the auxiliary electrode
A.E. is usually platinum and R.E. is the reference electrode, for instance
a saturated calomel electrode. The desired potential difference between the
specimen and the reference electrode is set with the backing circuit B. Any



(C)

Fig. 19.36 Basic circuit for a potentiostat. (a) Basic circuit for a potentiostat and electro-
chemical cell, (b) Equivalent circuit, (c) Circuit of a basic potentiostat. A.E. is the auxiliary
electrode, R.E. the reference electrode and W.E. the working electrode (b and c are from Poten-
tiostat and its Applications by J. A. von Fraunhofer and C. H. Banks, Butterworths (1972))

unbalance between the electrode potential and the backing potential pro-
duces an error signal at the input of the amplifier-controller circuit. The
latter rapidly adjusts the cell current between the specimen and the auxiliary
electrode until the error signal is reduced to zero.

The electrical characteristics of the cell and electrode will comprise both
capacitative and resistive components, but for simplicity the former may
be neglected and the system can be represented by resistances in series
(Fig. 19.366 and c). The resistance /?s simulates the effective series resis-
tance of the auxiliary electrode A.E. and cell solution, whilst the potential
developed across /?c by the flow of current between the working electrode
W.E. and A.E. simulates the controlled potential W.E. with respect to
R.E.

Figure 19.36c shows a basic circuit of a y otentiostat in which the difference
between the desired potential (K2) and th, actual potential of the working
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electrode (F1) is amplified by a high gain differential pre-amplifier. The
output is an error signal A Fe — A (V 2 — F1), where A is the gain of the
amplifier, which is arranged to control the power amplifier in such a way that
the potential of A.E. is continuously adjusted to minimise Fe. If the loop
gain is high, Fe can be made to approach zero very closely, the limit being
determined by the electrical noise in the system. The potential of W.E. with
respect to R.E. is thus held constant at the desired potential, F2.

When potential setting is varied manually during the determination of
polarisation, each change can be made after a constant time interval or when
the rate of current change reaches a predetermined low level. A number of
instruments for programmed potential changes have been introduced, per-
mitting a variety of continuous sweeps or stepwise traverses over a desired
range of potential. This, together with a suitable electrometer, recorder,
noise filter (when necessary) and logarithmic converter, provide an auto-
mated procedure for plotting E-\og i curves.

An ASTM recommended practice (A Standard Reference Method for
Making Potentiostatic and Potentiodynamic Anodic Polarisation Measure-
ments, G5:1972) has been issued. It provides a means of checking experimen-
tal technique and instrumentation using a specimen from a single heat of
AISI Type 430 stainless steel, which is available from ASTM*.

Scanning Rate

The time factor in stepwise potentiostatic or potentiodynamic polarisation
experiments is very important, because large differences can be caused by
changes in the scanning rate. Since the steady state depends on the partic-
ular system and conditions of exposure, no set rule exists for the magni-
tude or frequency of potential changes. Chatfield etal.6* have studied the
NiXH2SO4 system and have shown how £pass. becomes more passive with
increase in sweep rate.

In order for the potentiostatic technique to provide an accelerated test,
whether for general or localised corrosion, it is obvious that an accelerating
factor is needed. Merely duplicating service conditions by substituting the
potentiostat for chemical potential control does not necessarily shorten the
required testing time. When employing an accelerating factor, such as higher
temperature, change in chemistry of the environment, or a greater driving
force (potential), care should be taken to ensure that the mechanism of the
reaction(s) under examination is not altered.

/R Corrections, Probe Positioning, Specimen Masking and Mounting

There is no difference between galvanostatic and potentiostatic polarisation
experiments regarding the iR potential drop between the specimen and the
tip of the probe used for measuring the electrochemical potential. In either
case corrections should be made for accuracy. These could be quite large if
the current density is high and/or the conductivity of the electrolyte is low.

* American Society for Testing and Materials, Headquarters, 1916 Race Street, Philadelphia,
Pa., USA.



The position of the probe relative to the test specimen surface can cause
differences in potential readings7.

Adequate specimen masking is one of the major problems in corrosion
testing. Crevices with non-uniform current distribution and in which changes
in the chemistry of the electrolyte can take place rapidly, are particularly
undesirable8. In potentiostatic work, pitting or crevice attack is frequently
found near the masking interface (or under it when seepage and undermining
occur). Unless this factor is specifically being investigated, it should be
avoided. The use of a partially immersed specimen can eliminate the need for
masking, although it leaves the water line to be dealt with. A method for
mounting a cylindrical specimen has been described9'10, which avoids
crevices when the holder is properly tightened (see Section 19.7). Specimens
can also be rotated during the test, if desired, when this method is used.

Applications

Studies of Passivity

The potentiostat is particularly useful in determining the behaviour of metals
that show active-passive transition. Knowledge of the nature of passivity
and the probable mechanisms involved has accumulated more rapidly since
the introduction of the potentiostatic technique. Perhaps of more impor-
tance for the subject at hand are the practical implications of this method.
We now have a tool which allows an 'operational' definition of passivity and
a means of determining the tendency of metals to become passive and resist
corrosion under various conditions.

The use of the potentiostatic method has helped to show that the process
of self-passivation is practically identical to that which occurs when the
metal is made anodically passive by the application of an external cur-
rent11"15. The polarisation curve usually observed is shown schematically in
Fig. 19.370. Without the use of a potentiostat, the active portion of the curve
AB would make a sudden transition to the curve DE9 e.g. along curve AFE
or AFD9 and observation of the part of the curve BCDE during anodic
polarisation was not common until the potentiostat was used.

The current-potential relationship ABCDE9 as obtained potentiosta-
tically, has allowed a study of the passive phenomena in greater detail
and the operational definition of the passive state with greater preciseness.
Bonhoeifer, Vetter and many others have made extensive potentiostatic
studies of iron which indicate that the metal has a thin film, composed of one
or more oxides of iron, on its surface when in the passive state16"19. Similar
studies have been made with stainless steel, nickel, chromium and other
metals20"25.

Since the corrosion potential of a metal in a particular environment is a
mixed potential — where the total anodic current is equal to the total cathodic
current —the potentiostatic curve obtained by external polarisation will be
influenced by the position of the local cathodic current curve. (Edeleanu27

and Mueller28 have discussed the details which must be considered in the
analysis and interpretation of the curves.) For this reason, residual oxygen
in the test solution can cause a departure from the usual curve; in such a



Fig. 19.37 Schematic polarisation curves from anodic potentiostatic polarisation

case, a 'negative loop' B' corresponding with cathodic reduction of dis-
solved oxygen occurs after passing the critical point, with the normal passive
region and low positive currents only being resumed at EC2, as shown in
Fig. 19.38. Other ions can also interfere with the currents observed. If they
are oxidising, then they will have much the same effect as dissolved oxygen.
However, some of them may increase the observed current to values that
suggest corrosion rates much higher than are actually taking place. The

Positive

Cathodic or 'negative'
current densities
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loop* and represents the cathodic reduction of dissolved oxygen. The dashed curves in the
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polarisation curve for titanium29 indicated current levels in the passive
region that did not agree with the (lower) corrosion rates determined
gravimetrically, and this was found to be due to the presence of Ti3+ ions in
solution. In the case of iron in neutral water30, the passive anodic current
densities were found to be proportional to the concentration of Fe2+.
Indig31 observed similar current increases in stagnant high-temperature
water tests due to the formation of Fe2O3 from Fe2+; he largely eliminated
this by changing to a flowing electrolyte system, and achieved correlation
with actual corrosion rates.

The critical current and primary passivation potential Epp will not appear
on an anodic polarisation curve when the steady-state potential already
is higher than Epp. In such a case the potentiostat is unable to provide
direct data for constructing the full polarisation curve. If that portion of
the curve below the steady-state potential is desired, then the potential
has to be held constant at several points in this range and corrosion currents
calculated from corrosion rates as determined from solution analyses and/or
weight losses.

The potentiostat is very useful for determining the effects of composi-
tion and heat treatment on the corrosion resistance of alloys. Sometimes
it is possible to understand what appear to be discrepancies in practice.
Edeleanu27 used the method for determining the resistance of stainless
steels to acids. The potentiostatic curves showed that the current in the
transpassive region (at a very high potential) increased with the chromium
content, while the current in the passive region (at lower potentials)
decreased. This explained the behaviour of several steels in service, where
steels of higher chromium content showed poor resistance to corrosion
in environments of high redox potentials —nitric acid plus chromic acid
mixtures —but greater resistance in nitric acid. Edeleanu also discussed
potentiostatic curves which showed the beneficial effects of nickel, copper
and molybdenum on the corrosion resistance of stainless steel in sulphuric
acid. This paper should be consulted for an excellent discussion on the
use of these techniques for determining the effects of alloy composition
on corrosion resistance.

Cihal, etal.32 presented early data on the effects of chromium, nickel,
molybdenum, titanium, niobium and silicon on the passive behaviour of
stainless steel.

Pitting

Some stainless steels and aluminium alloys are examples of metals that show
pitting corrosion when exposed to aqueous solutions containing halide ions,
although the phenomenon is not confined to these alloys. Various factors
influence the onset of pitting, one of which is the interfacial potential; pits
are thought to form only at potentials more positive than a certain critical
value. This can be demonstrated by electrochemical measurements using
potentiostatic techniques33"42, and Fig. 19.376 which is similar to that shown
by Kolotyrkin's43, represents a typical curve. In the absence of aggressive
(pitting) ions, ABCDE represents the usual polarisation behaviour, where
DE is the region of transpassivity. However, when conditions suitable for



pitting prevail, the curve ABCGH is typically found, and the breakout (or
breakthrough) GH from the passive region is accompanied by pitting. The
first point of departure from the passive region has been referred to as the
'critical pitting potential', but it should be noted that its value is time depen-
dent and that it varies with the rate of potential change, i.e. if the potential
sweep rate or stepping rate is too rapid, a more positive 'critical' value is
obtained. In general, the shorter the time the more positive is the 'critical pit-
ting potential', and in order to be certain that a reliable estimate of the pitting
potential has been made, it is necessary to hold the potential at a constant
value just below the critical point for a suitably long time (in practice, several
days*), in order to demonstrate retention of passivity and the absence of pits
in the specimen surface (see also Section 1.6).

The correlation between the redox potential of a system and the occur-
rence of pitting attack was established some 30 years ago44. Also, the use of
passivity breakdown as a screening method for alloy resistance was described
over the years by several workers, for example, Brennert45, Mahla and
Nielsen46, and Pourbaix47. For a metal in a given solution, it may appear
that the electrochemical potential, regardless of its origin, will be the only
determinant of whether or not pitting will take place. While this is generally
expected, France and Greene6 suggested that a potentiostatically controlled
corrosion test could be more severe than a conventional one (chemically con-
trolled potential). Their reason is related to local chemistry changes required
to preserve charge neutrality; during anodic polarisation migration of Cl~
ions occurs to balance the excess positive charge produced by the Fe2+ ions
and this results in an increase of Cl~ ions at the metal/solution interface
and a consequent increase in pitting propensity. A similar movement of
anions in, for example, a solution of FeCl3, does not occur (see also Table
21.33). Figure 19.39 is taken from the work of France and Greene to illu-
strate the movement of Cl" ions across a boundary line.

Correspondence between electrochemical tests and field exposures has not
always been found. Therefore, it is difficult to interpret potentiostatic data
in terms of service performance. Disagreement between results can be caused
by factors that are not immediately obvious. For example, gases such as
hydrogen, argon or nitrogen are generally used to remove oxygen from solu-
tion before proceeding with a potentiostatic test. At first sight, it might
appear immaterial which gas is used, but Wilde and Williams48 found
differences in the breakout (critical pitting) potential of stainless steels,
depending on the selection of gas.

More details of other factors that affect the critical pitting potential have
been discussed by Uhlig and his co-workers49'50. They indicated that for
stainless steel the critical pitting potential decreased with increasing concen-
tration of chloride ion. At a fixed chloride level, passivating ions in solution,
such as sulphate and nitrate, etc., cause the pitting potential to become more
positive; at a sufficient concentration these ions totally inhibited pitting, as
shown in Fig. 19.40 for SO4

1- and CIO4".
Lizlovs and Bond51 reported a molar ratio of 5:1 (SO4":CI-) for

inhibiting pitting in ferritic stainless steels. A plot of critical potential vs.

* Even after several days of no localised attack, the question could legitimately be asked whether
the test was long enough to establish a true value, below which pittir 6 would never occur.



Fig. 19.39 Schematic representation of reactions during (a) controlled potential and (b) con-
ventional corrosion tests in acidic chloride solutions. In (a) charge balance must be maintained
by migration of Cl ~ ions, since the cathodic reaction occurs elsewhere at the counter-electrode.
In (b) the anodic and cathodic sites are in close proximity, and charge balance is maintained

without migration of Cl~ ions from the bulk solution (after France and Greene6)

Activity of SOl'Of ClO4"

Fig. 19.40 Activity of SO^" or Cl(Xf required to inhibit pitting as a function of Cl" activity;
250C (after Leckie and Uhlig49)

ratio of S^~ :Br~ is reproduced in Fig. 19.41 from the work of KoIo-
tyrkin43. Lowering the temperature causes the critical potential to become
more positive49. Changes of pH in the acid range did not affect the pitting
potential appreciably, but in the alkaline region it increased markedly with
pH, as shown in Fig. 19.42.
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Fig. 19.42 Effect of pH on critical potential for pitting in O - 1 mol dm"1 NaCl; 250C (after
Leckie and Uhlig49)

The fact that scanning speed can affect polarisation behaviour has already
been mentioned. In the case of stainless steel a plot of critical potential Eb
vs. rate shows how Eb becomes more positive with potential change rate
(Fig. 19.43)52. When a specimen was held at a fixed passive potential while
aggressive ions (Cl ~) were added to determine the concentration required
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Fig. 19.41 Dependence of breakdown potential of Fe-Cr alloys (containing 13Vo Cr, in
O-1 mol d m ~ } HBr -I- K2 SO4 solution) on the ratio of sulphate and bromide concentration in

solution (after Kolotyrkin43)
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Scan rate(mV/h)

Fig. 19.43 Effect of potential scan rate on the value of Eb for Type 304 stainless steel in
0-1 mol dm"1 NaCl (after Leckie52)

for loss of passivity (pitting), then a similar time effect was observed53; a
higher apparent resistance, i.e. greater apparent Cl~ ion tolerance, was
found when making more rapid additions.

Numerous references regarding alloying additions have been published,
and the reader should look up specific effects for relevant alloying systems.

Potential-pH Diagrams

Pourbaix has contributed substantially to the science of corrosion through
plotting thermodynamic data of systems as a function of electrode potential
and pH. Numerous publications of his have appeared in the literature, as
well as an atlas of potential-pH diagrams. Reference 54 exemplifies the
usefulness of potentiostatic polarisation curves in the experimental plot-
ting of various domains, such as protection, pitting, general corrosion and
passivity, in these diagrams. This particular procedure, which has been dealt
with in some detail in Section 1.6, is a very powerful tool which is now
available for studying corrosion.

De-alloying

The selective net loss of a component such as zinc, aluminium or nickel
from copper-base alloys sometimes occurs when these alloys corrode. Early
studies of the phenomenon were done by simple immersion. More recently,
however, the potential-pH dependence of de-alloying has been examined55,
and it appears that this approach can provide a much more detailed under-
standing of the mechanism. Future experimental work is expected to include
potentiostatic and potentiodynamic techniques to a much greater extent.
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Selective Etching

Dissolution kinetics are influenced by pH, potential and the ions present
in the test solution, and this forms the basis of selective metallographic etch-
ing techniques that have been used for some time32'56'57. The potentiostat is
often used to hold the potential of a multi-phase alloy constant at a level

Potential, E ( V )

Fig. 19.44 Typical current vs. potential curves for alloys of various phase combinations (after
Jones and Hume-Rothery58)
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suitable for attack on a specific phase while the rest of the surface remains
passive. A scan over a potential range can be done as a preliminary step
to ascertain whether the electrochemical properties of various phases differ
sufficiently in the chosen electrolyte for selective etching or phase extrac-
tion. One such procedure was reported by Jones and Hume-Rothery58 for
austenitic steels alloyed with aluminium, and Fig. 19.44 is reproduced from
their work. Another example is the behaviour of Fe-Fe3C as a function of
potential, pH and anion59. In this latter work, the conditions were defined
under which four different modes of attack took place, i.e. general-, matrix-,
interface- and carbide attack, and the data were interpreted in terms of
thermodynamics, kinetics and the influence of complex formation. These
potentiostatic experiments were coupled with detailed electron transmission
microscopy and the comprehensive nature of the results demonstrate the
effectiveness of such a combined approach.

The extraction of precipitates for further examination is also possible by
the same techniques. Conditions would have to be chosen to give matrix or
interface attack.

Grain-boundary Corrosion

Intergranular corrosion is encountered in many metal systems, often asso-
ciated with the presence of precipitates at grain boundaries. In the case of
stainless steels, one widely accepted theory states that the precipitation of
chromium carbides leads to a chromium-denuded zone which undergoes
rapid corrosion.

Potentiostatic methods, being capable of detecting differences in corro-
sion and passivation behaviour of various parts of a heterogeneous surface,
have been applied to the electrochemical determination of grain boundary
corrosion 6^63' 6^66*68.

Cihal and Prazak60 determined the resistance of 18/8 stainless steel to
this type of corrosion. They claimed that the technique could be used on
steels which are difficult to test by other methods, including steels of low
carbon content, and steels in which stabilising elements are present. By
means of potentiostatic curves and light etching at constant potential they
confirmed that the extent of intergranular corrosion depended upon the
amount of precipitated chromium carbide.

Corradi and Gasperini61 claimed that the potentiostatic method was
more effective and simpler than the Strauss test for determining intergranular
corrosion of stainless steels, and suggested that the method may lend itself
for use on finished equipment in service as a 'non-destructive' test.

Cihal, etal.62 tabulated potentials which may be used for the selective
etching of the various phases in several stainless steels. Bergholtz67 sug-
gested a potential of H- O-160 V vs. S.H.E. for grain-boundary etching of
stainless steel, while Desestret64'65 favoured various levels of potential,
depending on its chromium content. He concluded that potentiostatic etch-
ing was more sensitive for determining susceptibility to intergranular corro-
sion than chemical tests in boiling nitric acid or acidified copper sulphate.

Budd and Booth68 found the potentiostatic test best for investigating the
intergranular and layer corrosion of aluminium alloys.



Not all test methods are necessarily accelerated by the use of a potentiostat.
France and Greene69a used a potentiostat to hold sensitised 18/8 stainless
steels at various constant potentials in 1 N H2SO4 in order to determine the
range of potentials at which intergranular attack occurred (see Section 19.1,
Fig. 19.19). However, this method of testing for sensitivity has been criti-
cised by Streicher69*, who points out that the duration of the potentiostatic
test is too short, and that alloys found to be immune during this test will
suffer intergranular attack when the duration of exposure is more prolonged.

Streicher's work69 indicates how useful the potentiostat has been in
studying intergranular corrosion. Ideally, future data would be expanded
to provide Pourbaix-type diagrams that also contain kinetic information
showing various rates of attack within the general domain of intergranular
corrosion. (Similar data for cases other than intergranular attack would be
equally valuable.)

Stress-corrosion Cracking fs.c.cj

S.C.C. has received a share of the potentiostatic approach to corrosion.
Barnartt and van Rooyen70 reported that potentiostatically controlled cor-
rosion in a potential range 50-100 mV above the corrosion potential pro-
vided an accelerated test for the s.c.c. of stainless steels. The elevation of the
potential by means of a potentiostat eliminated the incubation period, and
also increased the density of cracks. Booth and Tucker71 used potentio-
static methods in the s.c.c. of Al-Mg alloys.

Hoar and his co-workers72'73 at first used galvanostatic equipment in
their investigations into the 'mechano-chemicaP dissolution of metal during
plastic deformation; subsequently, the potentiostatic rather than galvano-
static control of potential was reported to give better results, and it enabled
them to show that high corrosion rates were possible without appreciable
elevation of the driving potential. This mechano-chemical theory has
recently been refined in work reported for copper-base alloys74'75. In the
latter case, the potential dependence of the reactions leading to cracking has
been analysed very carefully as a function of pH76

Staehle, et al.11 have considered several aspects of s.c.c. from the electro-
chemical standpoint, including a feature of a recently suggested cracking
mechanism which relates to the amount of corrosion that takes place each
time that a slip step emerges at a surface. They recorded the shape of the
current rise and decay curve that accompanied instantaneous straining
(impact load), while the potential was controlled with a potentiostat. The
number of coulombs of charge indicated the magnitude of metal dissolution.
They believe that s.c.c. would be likely in a metal that showed the right
amount of corrosion per slip step event.

Another contribution of the potentiostatic technique to s.c.c. studies
has been the report78 that cracking prevails essentially at two potential
levels for metals showing an active-passive transition. These potentials are
located near the top and bottom of the passive region. Along the same lines,
Uhlig and his co-workers have determined critical ranges of potential for
s.c.c.79'80, although their theoretical interpretation differs from that of the
other references cited.



High-temperature Water

Pressurised water nuclear reactors require metals that will have a high degree
of corrosion resistance to pure water at around 30O0C. Laboratory testing
of materials for this application have included potentiostatic polarisation
experiments designed to clarify the active-passive behaviour of alloys as
well as to establish corrosion rates. Since pressure vessels are used for this
work, it is necessary to provide sealed insulated leads through the autoclave
head83.

Care should be taken to avoid short circuits; for instance, an insulated
specimen, being common with the ground point of some potentiostats, can
become electrically reconnected to the autoclave if the latter is not separated
from ground by using an isolation transformer.

Not all reference electrodes are suitable for use at high temperatures, and
in addition, they may cause contamination if placed directly in pure water.
A liquid junction consisting of a pressure-reducing tube with a wet string
(or plug) has been employed81 >84; this enabled locating a reference electrode
at room temperature and low pressure outside the autoclave, but compen-
sation for contact and other potentials was difficult. Platinum has been
used directly in the high-temperature electrolyte85*86, and it functioned as a
hydrogen electrode as long as hydrogen was present. Most recently, a canned
electrode has been described87, in which a silver-silver chloride reference is
used inside a small container suspended in the hot water. Tiny pinholes and
a long diffusion distance permitted a continuous electrolyte path while avoid-
ing contamination of the test medium with chloride.

A review article on techniques for electrochemical measurements in pres-
surised water has been written by Jones and Masterson88, which describes
many of the experimental ramifications involved.

The low conductivity of high-purity water makes it difficult to study elec-
trode processes potentiostatically, since too high an electrical resistance
in the circuit can affect the proper functioning of a potentiostat, and it can
also introduce large iR errors. The increase in conductivity of water with
temperature has been measured89 and //^-corrected polarisation data have
been obtained86 in hot water that originally had very low conductivity at
room temperature. Other results31'83*85'90'91 in high-temperature water are
all for tests where the conductivity was deliberately increased through the
addition of electrolytes.

The interpretation of the polarisation curves requires care. Wilde89 deter-
mined corrosion rates by linear polarisation in pure degassed water. Indig
and Groot90, however, found that electrochemical methods were unsuc-
cessful in measuring the corrosion rate of Ni-Cr-Fe alloy 600 in the presence
of hydrogen, owing to the kinetic ease of the redox reaction on the metal
surface. In another paper, the same authors85 also indicated that linear
polarisation generally gave corrosion rates that were not accurate, as a result
of competing half-reactions, under conditions that were different from those
used by Wilde. In a test with stainless steel they found that the removal of
hydrogen could reduce the problems.

Corrosion products are another source of error in the potentiostatic
determination of polarisation curves in high-temperature water. In stagnant
tests Fe2+ could be converted to Fe2O3

31, causing a false anodic current



reading in the passive region. This effect was eliminated by using a flowing
electrolyte.

S.C.C. has been examined as a function of potential82 in high-tempera-
ture water with chlorides present and an increased susceptibility of stainless
alloys to intergranular attack was found as the potential was increased.
Additional work91 reported that no intergranular cracking was observed in
tests of short duration.

Hydrogen Permeation
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Fig. 19.45 Apparatus for studying the permeation of hydrogen through thin metal foils
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Fig. 19.46 Electrical circuit of cell and pre-electrolysis vessel (after Devanathan and
Stachewski93)



A very sensitive technique using the potentiostat was developed at the Uni-
versity of Pennsylvania92 for studying the permeation of hydrogen through
thin metal foils. Such studies have and will continue to contribute important
information in areas where hydrogen embrittlement is a problem. The tech-
nique involves the use of a double cell coupled by a thin metal membrane.
Hydrogen is generated on the input side of the membrane which is main-
tained at a cathodic potential. Upon diffusion through the membrane, the
hydrogen is electrochemically oxidised at the exit surface by an anodic poten-
tial that must be maintained constant by a potentiostat, and the anodic cur-
rent provides a direct measure of the hydrogen flux. The technique is capable
of detecting fluxes of 3 x 10~2 cm3 of H2 per second and can provide infor-
mation on diffusivity, permeability, solubility and the interaction of hydro-
gen with metallic lattices. The apparatus is shown in Figs. 19.45 and 19.4693

and further details of the underlying theory are given in Section 20.1.

Molten Salts

The potentiostatic technique has been used in the investigation of the
behaviour of metals in molten salts. In principle, the experimental method
is the same as the one for aqueous media. Results are also capable of inter-
pretation in the same way as those in aqueous solutions, and typical active-
passive behaviour as well as anodic and cathodic Tafel lines have been
observed. Reference 94 also contains several references to earlier work.
These authors state that 'the potentiodynamic method, so successful in
evaluating corrosion-resistant materials for aqueous systems, appears to be
quite suitable also in selecting materials to be employed in molten salts'.
In addition to the plotting of individual polarisation curves, it is possible
to construct stability diagrams for molten salt systems resembling the
well-known Pourbaix diagrams. The main difference is that the oxygen anion
potential pO2~ replaces the pH function, since the former is more impor-
tant in molten salts.

It has been established that salts can deposit or form on metals during gas-
metal reactions. Molten layers could then develop at high operating temper-
atures. Consequently, the laboratory testing of corrosion resistance in
molten salts could yield valuable results for evaluating resistance to some
high-temperature gaseous environments.

Inhibitors

There are many published papers dealing with the electrochemical inves-
tigation of the effects of inhibitors and surfactants on corrosion processes,
using the potentiostat95'96. Adsorption of organic and inorganic ions on
metal surfaces is found to be important, since it is related to their positive
or negative charges as well as the potential of the metal surface. Some details
regarding the use of polarisation techniques for examining specific effects on
anode and cathode kinetics are described in References 95 and 96; the reader
will find that numerous other papers are also available.



Rotating Disc-ring Electrodes

Frumkin and Nekrasov97 introduced a rotating disc-ring electrode suitable
for the detection of intermediates in corrosion reactions, and its theory was
onsidered by Ivanov and Levich98. In this method, a disc electrode (speci-

men) can be corroded under controlled conditions, and a metal ring around
it is held potentiostatically at a predetermined potential E9 in order to
measure the rate at which an ionic species arrives at its surface; this is pro-
portional to the current flowing in the potentiostat circuit. Er is varied to
appropriate values for particular ions of interest. Figures 19.47 and 19.48
are taken from the work of Pickering and Wagner99, who applied the tech-
nique in their study of the de-alloying phenomenon. Modifications used by
other workers include the 'split-ring' technique.

Leads

Gbss

Plastic

Au(or Cu)

Cu-Au (or Cu-Zn)

T1 = O 26cm
/"2 = 0 29cm
T3 = (K£ cm

Fig. 19.47 Disc-ring electrode assembly



Cell

Fig. 19.48 Circuit used for the ionisation and redeposition experiments

Anodic Protection

The potentiostat has supplied an experimental tool for the study of anodic
protection. The elucidation of passive behaviour made possible by poten-
tiostatic anode polarisation curves allowed investigators to determine the
conditions necessary for maintaining a metal in a stable passive condition
by provision of a suitable environment, addition of cathodic alloying
elements100'101, and/or maintenance of the required potential by means of
external anodic polarisation27'29'106.

Edeleanu102> 103 made use of potentiostatic curves to determine the opti-
mum conditions for the protection of stainless steel in sulphuric acid. A pilot
plant was then used to determine the practicability of anodic protection at
a constant potential. He pointed out several factors necessary for proper
control and indicated the spectacular results obtained.

Stern, etal.29 obtained potentiostatic polarisation curves for titanium
alloys in various solutions of sulphuric acid and showed that the mixed
potentials of titanium-noble metal alloys are more positive than the critical
potential for the passivity of titanium. This explains the basis for the benefi-
cial effects of small amounts of noble metals on the corrosion resistance of
titanium in reducing-type acids. Hoar's review of the work on the effect of
noble metals on including anodic protection should also be consulted104.

The use of potentiostatic curves has also facilitated the study of the role
of oxidising agents and inhibitors in corrosion processes. Stern10 discussed
the role of passivating-type inhibitors and used potentiostatic curves to
explain their action. Posey106 used the potentiostatic technique for deter-
mining the reduction of cupric ion on stainless steel. Both of these references

Potentiostcrt

Potentiometer



should be consulted for an extensive bibliography on these subjects. The
reader will also find many subsequent papers dealing with this subject, and
they generally confirm the principles that were set out in the aforementioned
work.

Fast Electrode Reactions

Cahan, Nagy and Genshaw107 examine design criteria for an electro-
chemical measuring system to be used for potentiostatic transient investiga-
tion of fast electrode reactions. They emphasise the importance of co-design
of the experimental cell and electronics.

Accurate control of potential, stability, frequency response and uniform
current distribution required the following: low resistance of the cell and
reference electrode; small stray capacitances; small working electrode area;
small solution resistance between specimen and point at which potential is
measured; and a symmetrical electrode arrangement. Their design appears
to have eliminated the need for the usual Luggin capillary probe.

D. van ROOYEN
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