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ABSTRACT 

The principles, advantages, and implementations of scanning reference 

electrode techniques are reviewed. Data related to pitting, intergranular 

corrosion, welds and stress corrosion cracking are presented. The technique 

locates the position of localized corrosion and can be used to monitor the devel-

opment of corrosion and changes in the corrosion rate under a wide range of con-

ditions. 

*Research carried out under the auspices of the United States Department of 
Energy. 
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INTRODUCTION 

The definition of localized corrosion usually is restricted to specific 

types of attack often related to the presence of chlorides. This definition may 

be broadened to incorporate all other cases where corrosion at specific areas of 

the metal surface takes place. General corrosion rates in most systems have 

been measured and design allowance can be made for the metal losses during the 

expected life of the system. Problems arise when the corrosion becomes 

localized and the penetration rate of the metal is orders of ~agnitude greater 

·than tthe predicted general corrosion and, in numerable cases is only identified 

after failure. Localized forms of corrosion, therefore, take a far greater toll 

than the incorrect choice of materials that give unacceptable general corrosion. 

During localized corrosion,(l '
2

) the electrochemical dissolution is well 

separated. from the cathodic reactions. This makes an in situ study of the anod-

ic and cathodic reactions amenable to direct measurement in contrast to general 

corrosion where the reactions can take place in close proximity. The aim of 

this investigation is to clearly separate the anodic and cathodic reactions 

without interferin~ with the processes taking place, or, alter them to any ex-

tent whereby they no longer relate to conditions during exposure. In situ 

measurements such as mapping of potentials in solution or the physical separa-

tion of anodic and cathodic areas and measuring the currents flowing between 

them have been used successfully to identify the processes during corrosion. 

Other methods such as weight loss or penetration rates have also been used 

but these require periodic removal of the metal from the corroding environment. 

The periodic removal can alter the progress of corrosion or initiate changes ~n 

the processes involved. Thus, the measurements do not necessarily represent a 

single progression of the reaction but possibly the integrated effect of a repet-
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itive process. For example, during pitting the pits may repassivate on removal 

from the·corrosive environment and reinitiate on subsequent exposure. In the 

case of stress corrosion cracking, the uncorroded area may act as the cathode, 

and, when cathodic polarization is limiting, interaction between the growth 

rates of the various cracks would be expected. However, when the anodic process 

is slow or when the cathode is at the crack wall, no interaction between the 

cracks would occur. The identl.fication of these effects would require a large 

number of samples because of the required statistics, and even then it would be 

extremely difficult to extract the rate processes or the electrochemistry taking 

place. 

In a large number of studies, sections of samples have been used to sepa

(3-6) 
rate the anodic and cathodic processes. In an early work related to the 

water·line corrosion,(J) the corroding section_of the sample was separated from 

the partially Umaersed cathodic portion. The currents between the shorted 

pieces gave rates which correlated well with the observed weight losses. The 

b h . f ld h 1 b d" d . . "1 h . (4 ) 'M.. ld e av1or o we s as a so een stu 1e us1ng s~1 ar tee n1ques. •ue we s 

were sectioned or masked to give representative parts parallel with the weld 

direction. Separate sections of plates have also been used to investigate 

pitting corrosion.(S) Measurements were conducted on the relation and varia-

tions of current between the different sections during pitting corrosion and dem-

onstrate the existence of a marked dependence between pit size and its 

stability. 

Areas around a weld have been studied separately using a liquid drop drawn 

across the sample. The potential varia·tions and the polarization 

h 
0 

• f . . f . . d (7 ) c aracter1st1cs as a unct1on o the drop pos1t1on were measure • In another 

study,(S) an insulating coating. over a weld area was perforated with a m1cro-

2 
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hardness indentor, and a liquid drop was placed over the perforation. The poten-

tial and the polari~ation characteristics of the underlying deformed and wetted 

metal was measured. 

The flow of current from the anodic to the cathodic areas can also be de-

termined without sectioning samples. In an early work on water line corrosion, 

(9) 
Evans and Agar calculated the current from the measured equipotential lines 

associated with the flow of current during the corrosion of zinc. A scanning 

reference electrode technique (SRET) was used to measure the potential variation 

in the solution. An agreement of within 10% was obtained between the measured 

corrosion rates from weight loss and the calculations from the equipotential 

surfaces. 

. (10 11) (12) (13) 
Jaenicke and Bonhoeffer, ' Copson and Rozenfeld have measured 

the potential distribution around galvanic couples and calculated the corrosion 

rates and the surface current density distributions. Measurements of potential 

distribution during corrosion of bismuth-cadmium and zinc-aluminum alloys were 

also studied.(!!) More recent measurements of couples of iron and copper have 

been conducted by Heldebrand and Schwenk.< 14
) 

THEORY 

Aqueous corrosion of metals is an electrochemical process i~volving anodic 

oxidation of the metal and cathodic reduction of species from the solution. Dur-

ing localized corrosion, the two processes usually take place at well separated 

areas. The flow of electrons within the metallic phase does not involve 

significant ohmic potential differences because of the high conductivity of the 

metal. The flow of current within the aqueous phase, carried by ions, is 

associated with small potential changes between the anodic and cathodic areas. 
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Figure 1 shows a schematic of the flow of current in the electrolyte from 

a localized anodic to the surrounding cathodic areas and equipotentials set. up 

around the localized electrode. By scanning a "passive" reference probe with a 

fine capillary tip parallel to and in close proximity to the metal surface the 

potential distribution in the liquid can be measured. The potential changes are 

most rapid over the localized electrode and a potential maximum or minimum is ob~ 

served over its center. In the SRET work presented here, the sign convention 

adopted is opposite to that generally used in order to show anodic areas as po

tential peaks and cathodic areas as minima. Thus, the SRET is an in situ 

technique to locate the anodic and cathodic sites and study the electrochemical 

processes during localized corrosion, without altering the processes taking 

place, changing the local environment over the corrosion site or influencing the 

rate of corrosion. 

The distribution of potential and current can be determined theoretically 

from the Laplace equation. 

( i) 

and Ohm' s Law 

i :=~ -KVE ( ii) 

where E, i, and K are the potential, the current density and the solution conduc

tivity. The boundary conditions for the solution of these equations depends on 

the polarization characteristics of the anodic and cathodic areas. If either 

area has a high polarization characteristic, low currents will flow in solution, 
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and, hence, there will be little potential variations between anode and cathode. 

With high currents, a greater variation of potential will occur. The product of 

the polarization resistances (~) and the electrolyte conductivity has the 

d~ension of length 

L K 
fJ.V 

= tJ.i 

and has been used to determine the potential variations in corroding 

t 
(15-19) 

sys ems •. 

(iii) 

It should be emphasized that the SRET does not directly measure· the p_oten-

tial variations of the metal surface but responds to current variations in 

solution. These currents are more dependent on the polarization characteristics 

of the metal surface rather than the surface potential. This can be demon-

strated by the following hypothetical examples. 

In Fig. 2(a), three Evans type polarization curves are shown. In A, anod-

ic and cathodic partial polarization curves are given by the dashed lines repre

senting the reactions on a passive metal surface (e.g., iron in a chloride 

solution below its pitting potential). The full lines represent the net polar-

ization curves. In B, anodic polarization curves representing anodic behavior 

of a localized anodic cell (e.g., a large pit) for two different conditions, one 

(I) having a greater polarization characteristic than the other (II). The third 

Evans type diagram, C, could be for a noble metal (e.g., aPt coating on iron). 

The cathodic curves in Fig. 3(a) A and C could arise from oxygen reduction and, 

if equal in area, would show the same currents when l~iting concentration polar-

ization is reached. These three areas are considered to be present on a single 
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metal surface separated by an insulating coating as in Fig. 3(b), (c) and (e), 

where the 'iron' forms the base of a shallow container holding a highly 

conducting chloride containing electrolyte. In Fig. 3(b) the solutions in 

contact with areas A, B, and C·are separarated from each other and have there

spective Evans type diagrams shown in Fig. 3(a). Each area is at its open 

circuit potential and measurements of the potential as a function of the 

position in the solution can be represented by Fig. 3(c). If these separations 

are removed, two conditions can arise depending on the anodic behavior of area 

B. If the lower polarization is considered then the polarization of the three 

areas would be close to potential E
1 

in Fig. 3(a). The currents from the anodic 

area B would flow to both A and C and the potentials developed in the solution 

are shown by equipotential lines in Fig. 3(d). If the potential was measured at 

a fixed distance from the metal surface above the coating using the SRET, then 

the potential variations would be similar to the curve shown in Fig. 3(e). The 

magnitude of these potential variations cover a range ~E, which is much smaller 

than the potential range shown in Fig. 3(c). 

Under conditions where the anodic area, B, has the larger polarization (I) 

the potential of the three areas would be close to E
2 

shown in Fig. 3(a). This 

potential is equal to EA' the open circuit potential of area A, and under this 

condition no currents will flow to or from A. The equipotential lines for this 

condition is shown in Fig. 3(f). ·The shape of the ·potential variations from the 

SRET is shown in Fig. 3(g). It should be noted that no potential variations are 

observed when scanning above area A and the potential measurements would not be 

capable of distinguishing whether the probe is directly over the area A or the 

coatings adjacent to it. A similar condition could be achieved if area A is 

placed between B and C and if the coating was thin it would once again not 
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distinguish between the presence of a coating or the. passive metal surface under 

the scanning reference electrode from the potential variations. This analysis 

clearly demonstrates that the SRET only responds to potential variations in the 

solution, which are associated with the flow of current, and does not relate 

directly to the potentials of the metal surfaces or the coating. 

EXPERIMENTAL TECHNIQUE 

The potential fields generated in the electrolyte due to local corrosion 

sites can be measured by scanning a microtip reference electrode over a horizon-

tal ·exposed surface facing up. The equipment built at Brookhaven National Labo-

. h h . 11 . F. 3 ( 20 ' 21 ) Th . . f ratory ~s s own sc emat~ca y ~n ~g. • e m~crot1p re erence 

electrode is held by a mechanical stage attached to low friction, linear 

bearings for smooth motion in the X and Y direction, and driven by two stepping 

motors. The mechanic~l stage can be automatically programmed to scan both in 

the X and Y directions parallel to the spec~en surface. The lenth of the X 

direction can be varied up to 26 mm, and, at each end of the X scan, the Y 

direction can be shifted to a set value (from 30 ~to 200 ~). Thus, an area 

of the surface is scanned by a rectangular wave. The linear speed of the scan 

in the X direction can be varied from 0.1 mm/sec to 300 mm/sec. 

Alternatively, potential fields on cylindrical samples can be obtained by 

keeping the probe stationary while rotating the sample.< 22 , 23 ) The microtip ref-

erence electrode measures the potential variations along the circumference of 

the sample as the potential field around the sample rotates with the sample. A 

h . f h . . h . F . 4 ( 23 ) sc emat1c o sue an ~nstrument ~s s own ~n 1g. • A motor is used to 

rotate a cylindrical metal spec~en in the electrolyte such that the rotational 

motion of the sample is synchronized to produce a signal which is proportional 

to the angular position of the sample with respect to the probe. The microtip 
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reference electrode is made to scan in the vertical direction (parallel to the 

cylindrical axis). If the signal of the sample rotation is fed to the X 

direction and signal of scan of the probe to the Y direction, the surface scan 

of the cylindrical specimen is ob.tained. The size of the area examined on the 

specimen surface can be controlled by regulating the length over which the 

microtip reference electrode moves along the axis of the sample and controlling 

the time per revolution of the specimen. 

The most important parameter in the measurement of the potential fields is 

the distance between the microtip reference electrode and the specimen surface 

which must be held constant during a given experiment. This is achieved by 

attaching the sample to a stage with three independent rotations when flat sam-

ples are studied. Also, mechanical vibrations are kept to a minimum by 

attaching the mechanical stage to a cast iroa stand which is placed on a 

vibration free table. In the case of a rotating sample, it is necessary that 

the motor, rotating shaft, and the sample lie on the same axis so that there is 

no eccentricity of the rotation. Also, the whole apparatus should be made as 

rigid as possible.< 22 ) 

The potential field in the electrolyte during localized corrosion is the 

difference in the potential measured by the microtip reference electrode and a 

reference electrode placed more than 10 mm away from the sample surface. The 

two signals are fed into a differential electrometer and the resultant potential 

amplified to the desired amount. The potential fields can be plotted on a X-Y 

recorder by feeding the signal from the X position of the motor to the X amplifi

er of the recorder the sum of the Y position of the motor and the amplified po

tential difference to the Y amplifier of the recorder. Thus, one obtains a two 

. dimensional plot of the potential fiel4 variations at a plane parallel to the 
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sample surface. The signals can also be recorded on a storage oscilloscope and 

photographed. Alternately, the amplified potential difference can modulate the 

intensity of the cathode 
. . (20) 

ray tube of an osc4lloscope, or plot the 

equipotential lines from an analyzer. ( 2J) 

A h . d . h • ( 24 ) . d • f t 4r scann4ng tee n4que 4ncorporates two a Jacent re erence 

electrode probes to determine the currents flowing from the pits. Two scans are 

required for each measurement. One scan, having two probes close together 

displaced horizontally, gives the potential fields parallel to the specimen sur-

face. ·In the other scan, the probes are displaced vertically to determine the 

field perpendicular to the surface. The vector sum of the fields indicates the 

magnitude and direction of the current flow, and summation over the active area 

is used to estimate the total currents from the anodic to the cathodic areas. 

This technique only integrates the current flowing across the plane of the poten-

tial measurement and does not include the currents flowing below the probes. 

These latter currents can be a significant fraction of the total current. Fig. 

5 shows the two fields normal and parallel to the surface over a pit on 

stainless steel. 

Calibration 

In order to obtain a quantitative value of the local corrosion currents, 

it is necessary to obtain a relation between the potential peak and the local 

Th . b b . ~ . 11 . ( .. ) d ( ... ) 05 ) current. 4S may e o ta4ned t~1eoret4ca y by equat4ons 44 an 444 or 

determined experimentally. In view of the lack of data relating the polariza-

tion characteristics of the systems studied, this relation was determined using 

a model electrochemical cell consisting of a localized anode in a large cathode. 

A platinum sheet, 25 ~ thick, was sandwiched between two copper blocks 10 

mm wide and 10 mm long. The platinum was electrically insulated from the copper 



by two mylar sheets 125 ~m thick. The platinum was made the anode, and the 

copper the cathode. Platinum does not dissolve in the electrolyte and, hence, 

maintains its structural shape. The probe was scanned parallel to the surface 

of this model cell, across the anode and the cathode, at various sample to probe 

distances, d, in electrolytes of different conductance. 

The peaks obtained for an applied anodic current of 1 ~A through the 

platinum in O.OOlN H
2
so

4 
as a function of d are shown in Fig. 6. If the probe 

is too far from the specimen surface, then either the signal is lost: or the 

peaks are small and broad. As d decreases, the peak height increases and the 

width of the peak decreases giving a clear location of the local corrosion site. 

As anticipated, these results are consistent with the potential field generated 

from a local region shown in Fig. 1. Therefore, for a clear determination of 

the corrosion site the probe should be held close to the sample surface. How-

ever, the distance between the probe and metal surface should not be less·than 

the outer tip diameter of the probe, or else it will disturb the potential dis-

. (25) 
tribution 1n the electrolyte. For kinetic studies, a constant value of d 

must be maintained to obtain meaningful relation between _the peak height and the 

local current. 

The effect of electrolyte conductivity on the peak height is shown in Fig. 

7. The peak heights, with d=25~ and for anodic currents varied over two orders 

of magnitude increased with decrease in electrolyte conductivity. Also for a · 

given electrolyte conductivity, there is a linear relationship between the peak 

height and the magnitude of the applied current. Thus, the peak heights give a 

direct measure of the intensity of the corrosion currents originating from the 

anodic sites. 
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Finally, the effect of the local area on the magnitude and shape of the 

peak is shown in Fig. 8. The peak height over the local region increases with 

increase in area due to the increase in the local current up to an area where 

the anode becomes large (0.5 mm) and cannot be treated as a local region. Also, 

it is observed that the maximum in the peak lies over the center of the local 

area. Thus the peak shape gives an indication of the area of the local region. 

Sensitivity and Resolution 

The sensitivity of the SRET, i.e. the ability to unambiguously determine 

very small corrosion currents originating from localized regions and the resolu

tion, i.e. the ability to distinguish between two anodic sites close to each 

other, are mainly governed by the distance between the probe and specimen sur

face and the conductivity of the solution, as discussed above. However, in a 

given experiment, the choice of the electrolyte may be limited by the type of 

localized corrosion to be studied. Also, the distance d is limited to the diame

ter of the probe tip. A decrease in the probe tip diameter increases the sensi-

. tivity and resolution of the technique. However, a very fine tip has a very 

high impedance which increases the electrical noise and decreases the response 

time. Therefore, proper compromise should be made for the choice of the probe 

tip diameter. 

The resolution of the SRET is not only dependent on the proximity of two 

corroding sites but the magnitude of the corrosion current from each site. A 

schematic of the potential peaks obtained from two adjacent points, for various 

corrosion conditions is shown in Fig. 10. If the corrosion currents from the 

two anodic sites are low, the potential peaks are small and broad. Hence, these 

can be resolved only if d is small. If the potential field from the two 

corroding sites are large, one does not obtain separate distinguished peaks, but 
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two small peaks on a large broad peak. However, if one of the sites corrodes 

much faster than the other. site, one observes only a change in the slope of the 

larger potential peak at the point of the other corrosion site. Thus, in each 

case the location of the corrosion sites can be easily and accurately identi-

fied, but a quantitative measure of the corrosion rate at each site becomes dif-

ficulto 

APPLICATIONS 

Pitting Corrosion 

Pitting corrosion .is a highly localized form of corrosion attack of 

passive metal surfaces and is generally directly related to the presence of chlo-

rides or bromides. The development of pitting is sensitive to almost all vari-

ables associated with the interface between the metal and the electrolyte. 

These variables include the chloride concentration, the presence of other anions 

·which may act as pitting inhibitors, the composition of the metal, its surface 

. d h" d h 1 h . 1 . 1 (24,26-31) Th 
preparat~on an ~story an t e e ectroc e~ca potent~a • e poten-

tial has been shown to be decisive in the initiation and propagation of pitting. 

If the potential is held below a critical value usually termed the 'pitting 

potential,' pits do not develop. ·If the potential rises to or above the criti-

.cal range, pitting initiates and then can continue to propagate below this 

potential.< 29 ) If the potential is decreased sufficiently, the pitting eventu-

ally stops, and if held at low potentials, the pits lose the high chloride con-

centrations and the metal surface within the pit passivates. 

The pitting behavior of stainless steels was investigated by Rosenfeld and 

. (24) 
Danilov using the adjacent reference electrode techn~que. Their 

measurements were carried out in a solution containing about O.OSM FeNH
4
(so

4
)
2 

and 1.0 or 0.56M NH
4 

Cl. They could detect pits after 30-60 sees after contact 
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with the solution. Initially the rates of dissolution of all the pits were 

similar, however, with time, some of the pits stopped corroding.or showed 

decreased rates. Observations of the pits under the microscope showed that they 

were covered by a film or shielding layer resulting from the attack of the metal 

by chloride ions penetrating the oxide film. Destroying the shielding layer led 

to passivation. The authors considered the rupture of the shield assisted the 

diffusion of the "passivator" into the pit. The process of passivation took a 

relatively long time, of the order of tens of minutes, after disruption of the 

shield. Also, the time for deactivation of the pits increased with the s~ze of 

the pits. The deactivation process was probably a result of a diffusion 

process, but it is not possible to separate whether it 1.s the result of 

increased diffusion of the high chloride concentration from the pit or the 

diffusion of bulk s~lutions into it, since the time dependence of both processes 

are similar. 

The currents from the pit were related to the square root of time. The 

current densities, therefore, decreased and assuming a hemis~heri,cai pit, the 

surface area varied linearily with time. This result is in agreement with work 

b 
. h . . (26,27) 

y ot er ~nvest~gators. 

The SRET has been used to study the pitting of type 304 stainless steels 

. (20 30) 
in a ferric chloride solut1on ' composed of 0.4M Fec1

3 
and adjusted to pR 

0.9.<
29

) The change in the number of active pits were studied as a function of 

time and surface preparation. On exposing the steel to the solution, the poten-

tial of the specimen increased rapidly above the pitting potential with the gen-

eration of active pits. With time, the potential of the specimen decreased as 

the active pits grew and the number decreased. However, small potential 

increase were observed when pits passivated. The active and repassivated pits 
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were separated using the SRET. The active pits were always covered by a film 

and contained a dark green solution. Fig. 10 shows a sequence of scans repre-

sented by potential surfaces for an electropolished surface at the times shown. 

Each peak is associated with the currents from active pitso On the first scan, 

initialed one minute after exposure, fourteen pits could be identified. The num-

ber of active pits decreased and only one pit was active after 26 minutes. When 

the final pit was subjected to a jet of solution, it repassivated. The anodic 

currents polarizing the cathodic reaction then ceased and the potential rose rap-

idly above the pitting potential and the sequence of events observed on first 

contacting the specimen with the chloride solution was repeated. 

It was suggested that the film over the active pits was the passive oxide 

film originally on the metal surface that was undermined by the pitting 

(20) 
process. This possible explana~ion wa~ investigated by varying the surface 

preparation of the stainless steel prior to pitting. The number of active pits 

were again studied as a function of time and a semilogarithmic plot was used to 

determine the half life of the pits as shown in Fig. 11. The surface prepara-

tiona studied were electropolishing or abrasion and the effects of subsequent ox-

idation or cathodic polarization. The results were highly dependent on surface 

0 
treatment. Air oxidation of electropolished surface at temperatures above 100 C 

for 24 hours increased the half-lives of the pits. These changes are shown in 

Fig. 11 which includes the variations in the number of active pits for surfaces 

oxidized at 110°, 165° and 240°C and with cathodically polarized electropolished 

surfaces. Table 1 shows the half-lives for these and other treatments. 

The results were found to be consistent with the changes in the properties 

of the original oxide layer over the pit before it was undermined by the pitting 

process. The thicker the oxide, the greater was the protection afforded to the 
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growing pit and the longer the pits remained active. When the metal was 

abraded, stresses in the oxide fi~ lead to short half-lives (< 1 sec). The 

half-lifes of pits on abraded surfaces was low (~ 5 min.) even after oxidation 

at 250°C in comparison to similarly oxidized electropolished surfaces which gave 

a half-life of 480 minutes. 

The pitting of stainless steels during the early development of the pits 

was interpreted in terms of maintaining the presence of high chloride concentra

tions within the pit and reducing the loss of chloride by diffusion into the 

lower concentration bulk solution. The presence of the oxide film over the pits 

hampers the diffusion of chloride which build up as a result of ionic 

conduction. These two factors, the presence of the oxide film and the flow of 

chloride into the pit, suggest that improved pitting resistance of alloys may be 

accomplished by either reducing the rate of dissolution of the alloy in the con

centrated environment within the pit, or, by changing the properties of the 

passive oxide layer. The ideal passive oxide film for pitting resistance would 

be thin, highly stressed and easily disrupted when undermined by pitting. These 

properties of the film contrast with those usually considered to give improved 

corrosion resistance. 

The additions of nitrate to the ferric chloride solution inhibits pitting 

corrosion. The effect of nitrate was consistent with an influence on properties 

of the oxide film on steels. (
20

> At a critical concentration of 0.075 NaN0
3 

in 

the ferric chloride solution, pitting was not inhibited but the pits which 

initiated did not propagate for more than a few minutes. It was suggested that 

the nitrate weakened the fi~ which was easily disrupted when undermined and led 

to repassivation. 
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Pitting of stainless steel was also studied in sodium chloride solutions 

under potentiostatic condition using the SRET. The peak heights over the 

pitting areas were summed. The sum was found to be linearity related to the 

applied current. In ferric chloride solutions, the logarithm of the summed peak 

heights was plotted against the corrosion potential of the spec~eno The slope 

of this plot was similar to that observed during cathodic polarization of the 

steel in ferric chloride inhibited with 1M NaN0
3 

to prevent pitting. The agree

ment between the slopes indicated that under open circuit conditions the cathod-

ic polarization characteristics could be determined from the variation of the po7 

tential peaks since they are a measure of the polarizing current.< 20) 

Gainer and Wallwork( 2
J) used the rotating cylinders to study the effects 

of surface abrasion and metallurgical features on the pitting corrosion of mild 

steels in 10-SN NaCl. The potential variation caused by difference in current 

flow, were greatest for coarse abrasion on 280 grit paper. A 600 grit and < 1~ 

diamond paste finishes gave similar results with smaller potential fluctuations. 

The differences observed on the coarsely abraded surface indicate a high density 

of active pits (~ 2.5 x l03 /cm2) and their activity was probably associated with 

the greater true cathodic area available on the rougher surface. The number of 

active sites decreased with time and the intensity of corrosion of the remaining 

active sites increased. The formation of pits around active sites were found to 

be related to presence of inclusions and scratches. 

Intergranular Corrosion 

Intergranular corrosion (IC) is defined as the localized attack, in 

certain corrosive media, at the grain boundaries_ of steels. This form of 

corrosion is particularly severe in stainless steels which are sensitized. In 

austenitic stainless steels, sensitization· is caused by ( 1) heat treating the 
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alloy in the temperature range of 500-850°C for a few- hours and quenching; (2) 

cooling slowly through the above mentioned temperature range and; (3) 

ld . (32,33) I . ll . . . . . 
we ~ng. t ~s genera y bel~eved that sens~t~zat~on leads to the prec~p-

itation of chromium rich carbides at the grain boundaries and the depletion of 

chromium adjacent to the boundary.<34 ) This depletion has been observed by 

. . . . 1 . (35) 
scann1ng transm1ss~on e ectron m1croscopy. The depletion of chromium at the 

grain boundary leads to IC of stainless steels in certain environments. 

The SRET has been used to determine the accelerated corrosion of grain 

boundary region in sensitized type 304 stainless steel. Fig. 12(a) is a poten-

tial scan during the IC o~ a large grain size (diameter ..r 3 mm), sensitized 

(600°C for 24 h) type 304 stainl~ss steel in 2.5N H
2
so

4 
at room temperature at 

a potential of -200 mV vs. SCE. Fig. 12(b) is a line drawing of the etched 

boundaries on metallographic observation after the test showing a clear relation 

between the etched boundaries (dark lines) and the peak maximum in Fig. 13(a) 

(dotted lines). The potential peaks in Fig. 13(a) were observed only in the 

case of sensitized type 304 stainless steel, while solution annealed (1100°C for 

3 hrs) samples exhibited no potential peaks and no grain boundary etching in . 

this solution. 

The dependence of intergranular corrosion on the electrochemical potential 

of type 304SS in 2.5N H
2
so

4 
can be determined by slowly increasing the potential 

(0.3 V/h) of the sample in the anodic direction and scanning the surface 

simultaneously. In the potential region where sensitized type 304SS is suscepti-

ble to IC, peaks are observed on scanning, while in the potential region, where 

the material does not undergo IC no peaks are observed. This is shown 

schematically in Fig. 13. The material is susceptible to IC between -280 mV to 

+80 mV vs. SCE and then again in the transpassive region(> 820 mV vs. SCE). 

17 



This result is consistent with the observation of IC of this steel ~n the 

S d h 
. . .d (36) 

trauss test an t e n~tr1c ac1 test. 

In order to obtain a semi-quantitative relation between the corrosion 

current flowing and the resulting potential field in the electrolyte due to 

intergranular corrosion, experiments were run in lN H
2
so

4 
+ O.OSM KCNS using the 

(36 37) 
back scan procedure. ' The sample is held at -SOOmV in the electrolyte for 

5 mins., and then instantaneously raised to +200mV. The sample is cathodic at 

-SOOmV and passive at +200mV (vs. SCE). The sample is held at +200mV for 2 

mins., and then decreased .in the reverse direction from +200mV to -SOOmV at a 

rate of 3V/hr. In case of solution annealed samples, the surface was passive to 

-lOOmV, when the currents became cathodic. However, in the case of sensitized 

samples large anodic currents are observed and at -lOOmV the polarization curve 

showed an anodic peak. The anodic peak is a result of the active dissolution of 

the sensitized grain boundaries. 

Fig. 14 shows a polarization curve for type 304SS sensitized at 600°C for 

40 h, obtained by the back scan technique. In the potential region, -380mV to 

-30mV, an active peak is observed. In this region, increased grain boundary 

dissolution takes place. This is presented as potential peaks in Fig. 15. The 

peak height of one of the peaks is plotted against the applied potential in Fig. 

14. It is observed that the shape of the peak height versus the current density 

curve is similar to the potential versus the current density curve. This demon-

strates that the active current flow from the grain boundaries of the sensitized 

stainless steel, and the peak height is proportional to the total current. 

Also, that there is a direct correlation between the current and peak height. 

In the case of solution annealed samples no anodic corrosion current was ob-

served, nor were any potential peaks measured. 
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· Grubitsch and Zirkl(
3
S) have used the SRET to determine IC in precipita

tion hardened aluminum-copper alloys. On heat treatment at 150°C for 1 hr., 

CuA1
2 

is precipitated at the grain boundaries of the alloy and this results in 

a precipate free zone adjacent to it. The grain boundary region is 

preferentially attached in a large number of chloride containing acidic solu

tions. However, when the alloy is solution treated (500°C for 12 hr.), i.e •. no 

precipitation or the copper free zone is formed, it is not susceptible to IC. 

Welds 

In welding, it is assumed that corros~on behavior of the weld metal and 

the parent metal is similar. However, this is not always the case, particularly 

when austenitic stainless steels are considered. The weldment, i.e. the weld 

metal and the·adjqcent parent metal affected by the heat of the welding, may be 

susceptible to varying degrees of preferential attack. The weld metal may 

corrode more or less than the parent metal due to differences in composition or 

metallurgical condition.<
33

) In addition, the base metal heated ~uring the 

welding may corrode as a result of metallurgical changes caused by heating 

cycles.<
32

) The factors that can influence the type and degree of preferential 

attack depend on 1) composition and structure of base and weld metal, 2) metal

lurgical changes in the parent metal due to welding 3) welding process and proce

dure 4) size of material welded and 5) the type of the environment.< 40) 

The SRET has been successfully used to identify the preferential attack of 

type 304 stainless steel weldments. The type of preferential attack observed 

are 1) attack of the ferrite in the weld matrix 2) fusion boundary corrosion 3) 

intergranular corrosion of the sensitized material in the heat-affected zone of 

the base metal. Fig. 16 shows the potential peaks measured on type 304 
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stainless steel weldment, prepared by manual shielded arc gas welding type 308 

weld metal, in 2.5N H
2
so

4 
at room temperature at various potentials. The 

weldment was slowly polarized (0.3V/hr) in the anodic direction from -500mV to 

+ lV vs. SCE, and simultaneously, the microtip reference electrode was scanned 

over the face of weldment. The potential regions exhibiting the different types 

of preferential attacks are shown in Fig. 17. 

At more negative potentials, where the sample is cathodic, the weld mate

rial exhibits larger cathodic current densities than the parent metal. However, 

. at a potential of -420mV, where the overall current is cathodic, the weld exhib

its preferential anodic dissolution, Fig. 16. The preferential attack of the 

weld extends into the anodic region and the rate of attack increases with 

increase in anodic current. The preferential attack of the weld stops when the 

metal is passivated. However, in the trauspassive region, the weld again 

corrodes preferentially and the rate of attack increases with increase in the 

current. 

At, and close to the maximum in the anodic peak, the fusion boundary is 

preferentially attacked. The preferential corrosion ofi the fusion boundary lS 

shown as large peaks at the ends of the broad peak produced by corrosion of the 

weld, as shown in Fig. 16 for applied potentials -330, -300 and -250 mV vs. 

SCE. As the sample. passivates and the total current of the sample decreases, 

the corrosion of the fusion boundary decreases drastically. 

In Fig. 16, at an applied potential of -250 to -40 mV vs. SCE, the develop

ment of a peak in the base metal is observed. This peak is due to the 

intergranular attack of the sensitized zone. The peak increases as the polariza

tion current decreases, i.e. the metal is passivated. The single, large peak is 

a result of the preferential corrosion of a large number of grain boundaries in 
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the sensitized zone. The peak is observed from -310mV to +lOOmV, beyond which 

the complete weldment is passivated. The position of this maximum cha~ges with 

potential. This results from changes in position of the most susceptible re-

gions in the sensitized zone, with potential. 

Micrographs of the attacked regions we obtained in order to determine the 

effect of the local microstructure on the various modes of preferential attack, 

Fig. 18. In the weld center, the microstructure consists of a network of 

ferrite platelets in an austenitic matrix. In the active region, the increased 

corr-osion of the ferrite gives rise to the potential peak. It is known that 

f . . . h . 1 . 1 (41 ,42) 
err~te ~s more act~ve t an austen~te at the ower potent~a • The 

corrosion of the ferrite gives rise to the anodic peak of the weld although the 

total current of the sample is cathodic. The waves on the peak of the weld 

corrosion is due to the presence of the root of the run in the weld. At the fu-

sion boundary, the ferrite is not in the form of fine platelets, but is present 

as large, separate particles. This increased ferrite content at the boundary 

gives rise to the enhanced corrosion of the fusion boundary. No sigma phase was 

observed at the fusion boundary. On each side of the weld, the parent material 

is in the solution annealed state and no grain boundary etching was observed. At 

a distance of 2mm to 3mm from the weld .fusion line, the grain boundaries are 

etched. This increased corrosion from the sensitized grain boundaries gives 

rise to the broad peak over this region. 

Similar differences in the corrosion of the weld and the parent metal have 

. . . . d . . 1 . (39) 
been observed for ferr~t~c 17% Cr steels ~n chlor~ e contaJ.nJ.ng so ut~ons. 

It has been found that the type of preferential attack depends on the impressed 

applied current and the electrolyte, for example, the chloride concentration, pH 

and the presence of organic solvents •. Hildebrand and Schwenk(l
4

) have measured 

21 



the increased anodic activity in the heat affected zones of austenitic stainless 

steel welds. Using a SRET, they were able to plot the potential field arising 

from corrosion of the sensitized region in heat affected zones in 10-
3

N 

alcoholic HCl. 

Sensitization in the heat affected zone adjacent to the weld is probably 

the most common cause of intergranular corrosion and intergranular stress 

corrosion cracking in stainless steels in service. In order to determine the 

susceptibility of a given weldmen.t to these forms of localized attack, it is ne-

cessary to develop a test which will give 1) the location of the sensitized 

zone, and 2) a quantitative measure of the degree of sensitization. The SRET 

meets the above mentioned requirements and has been successfully used to give 

the location and the degree of sensitization of the weldments for various 

welding process variables. The details of the test are given in detail 

elsewhere.(
2
l) In summary, the test consists of scanning across the weldment 

while it is polarized by the back scan technique (described earlier). A repre- · 

sentative scan for type 304SS weldment over the heat affected zone is shown in 

Fig. 19. The location and width of potential peak gives an indication of the lo-

cation and width of the sensitized zone as observed in the etched sample in Fig. 

19, and the peak height is proportional to the degree of sensitization. This 

technique is more sensitive than accepted chemical methods of evaluating 

stainless steel welds for their resistance to intergranular corrosion. 

Stress Corrosion Cracking 

· Stress corrosion cracking in metal systems is concerned with the 

nucleation and propagation of cracks in stressed metals induced by the environ

ment. In order to understand the mechanism of cracking ln any particular 

metal-environment system, it is necessary to determine the electrochemical 

22 



reaction(s) that take place at the crack tip. The SRET provides an ideal system 

to study this reaction and in this section, an: example is given of SCC of type 

304 stainless steel in a chloride solution •. 

The electrochemical cell around the sample is shown in Fig. 21. A tensile 

specimen with a 90° notch having a radius of about 125 ~m at the tip was 

inserted through slits in a thin walled fluorinated container. The specimen was 

sealed to the container with silicon rubber. The sample.was loaded horizontally 

in a tensile machine to an initial stress of 8.5 Ksi. The upper face of the 

specimen with the "V" notch was metallographically polished and all but part of 

this surface around the notch was coated with the silicon rubber. The 

electrolyte used was 20 molal LiCl controlled at ?0°C using an infra-red lamp. 

Following the initial exposure to the electrolyte pitting was observed 

optically. The progress of large pits-which remained active was monitored using 

the SRET. After some time, the intensity of the pitting decreased and the poten-

tial of the specimen rose. When the pitting stopped, potential peaks were ob-

·served at the root of the notch associated with the initial stages of cracking. 

Fig. 22 ~hows the potential peaks observed after the cracking had progressed · 

into the metal. The propagation of the potential peaks was studied. Fig. 23 

gives the magnitude of potential peaks along the length of the crack at various 

times taken from figures similar to Fig. 22. The shape of these plots which are 

non-symetrical, indicates that although the dissolution rate was greatest at the 

crack tip, the entire crack remained active. These observations are consistent 

with most theories of stress corrosion cracking, i.e. rapid dissolution takes 

place at the high stress intensity at the crack tip where fresh metal is continu-

1 d h 
. . (43) 

ous y expose to t e corros1.ve env1.ronment. However, the persistent anodic 

dissolution of the crack surfaces shown using SRET, during cracking and after 
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the specimens fail, is in conflict with models which suggest that the crack sur

face must passivate to account for crack propagation. The SRET suggests that 

the exposed metal remains active but with decreased dissolution rates. The 

theory based on the rupture of passivating oxide layers appears to be a 

simplification of the process. The detailed theory would require to take into 

account rupture of a more complex corrosion product or other processes, such as 

stress stimulated dissolution at the crack tip, to be consistent with these ob

servations. 

S~Y 

The SRET has been shown to offer a technique for studying localized forms 

of corrosion including pitting, intergranular corrosion and stress corrosion 

cracking. These processes are associated with relatively rapid dissolution 

rates and observable potential variation in solution. The technique is also 

useful in separating preferential dissolution or cathodic reactions under con

trolled potentials where external currents flow. 

Other electrochemical measurements e.g. polarization techniques, can g~ve 

detailed information about proces·ses under study, but, difficulties arise in the 

complete separation of the anodic and cathodic areas and duplicating the condi

tions operative during corrosion. The SRET overcomes these difficulties, and 

offers an approach for in situ determination of the corrosion processes and 

allows for clarification of the factors involved, without extraneous effects ~n

fluencing the ~orrosion. 
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TABLE 1 Variations of Pit Half-life with Surface Preparation 

Pit half-life,* 
Surface treatment min 

Elec tropo lished and cathodically polarized <1 

As electropolished 22 

Elec tropo lished and oxidized at ll0°C for 24 hr 90 

Electropolished and oxidized at 165°C for 24 hr 150 

Electropolished and oxidized at 240°C for 24 hr 430 

Electropolished and oxidized at 250°C for 2 hr 480 

Electropolished and oxidized at 300°C for 22 hr 340 

Electropolished and oxidized at 375°C for 2 hr 270 . 
Abraded with 600 grade SiC <1 

Abraded and oxidized at 250°C for 8 hr 5 

*Maximum variation of 20% 
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