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IN'IRODUCTION 

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 takes place at spe­

ci fie areas of the IE tal surface. General corrosion rates in mo st sys tans have 

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

expected 1 ife of the sys tan. Problems arise when the corrosion becomes 

localized and the penetration rate of the metal is orders of magnitude greater 

thart the predicted general corrosion. Localized forms of corrosion, therefore, 

take a far greater toll than the incorrect choice of materials having 

unacceptable general corrosion rates. 

D . 1 1 · d . (1, 2) th 1 h . 1 d. 1 . . 11 uring oca ize corrosion, e e ectroc e11Uca isso ution is we 

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

anodic and cathodic reactions amenable to direct measurement and to clearly sepa­

rate the anodic and cathodic react ions in contrast to general corrosion where 

the reactions can take place in close proximity. In situ measurements such as 

mapping of potentials in solution or the physical separation of anodic and 

cathodic areas and measuring the currents flowing between them have been used 

full 'd 'fy h d . . (3,16) success y to 1 enti t e processes uring corrosion. 

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 and in close proximity to the IE tal surface the po­

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

most rapid aver the localized electrode and a potential maximum or minimum is 

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

nique 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. 
. (11) 

The scanning technique has been recently reviewed. 

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

across the sample. The potential variations and the polarization characteris-

(3) (4) 
tics as a function of the drop position were measured. In another study, 

an insulating coating over a weld area was perforated with a micro-hardness 

indentor, and a liquid drop was placed over the perforation and the potential 

and the polarization characteristics of the underlying deformed metal was deter­

n;iined. 

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, 

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

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. 

. (6 7) (8) (9) 
Jaenicke and Bonhoef fer, ' Cops on and Rozenfe ld 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. (7) More recent measurements of couples of iron and copper have 

(10) 
been conducted by Heldebrand and Schwenk. 
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EXP ER IMENTAL TECHNIQUE 

The potential f iel s generated in the electrolyte due to local corrosion 

sites can be ueasured by scanning a microtip reference electrode over a horizon­

tal exposed surface f ~r ·ng up. The equipment built at Brookhaven National Labo-

. h h . 11 . r· 2 (1 2 ,l 3) ratory 1s s own sc emat1ca y 1n 1g. • The microtip reference elec-

trode 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 mechanical stage can be automatically programmed to scan both in the X and 

Y direct ions parallel to the specimen surface. The length of the X direct ion 

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

be shifted to a set value (from 30 m to 200 m). Thus, an area of the surface 

is scanned by a rectangular wave. The linear speed of the scan in the X direc­

tion can be varied from 0.1 um/sec to 300 um/sec. 

Alternatively, potential fields on cylindrical samples can be obtained by 

k . th ob . wh. l . h l (14 ' 15 ) · · f eep1ng e pr e stationary 1 e rotat:mg t e samp e. The m1crot1p re -

erence electrode measures the potential variations along the circumference of 

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

schematic of such an instrument is shown in Fig. 3.< 15 > A m:>tor is used to ,ro­

tate a cylindrical ue tal specimen in the electrolyte such that the rotational m:,­

tion 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 ref­

erence electrode is made to scan in the vertical direction (parallel ~o the cy­

lindrical 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 cy­

lindrical specimen is obtained. The size of the area examined on the specimen 

surface can be controlled by regulating the length over which the microtip refer-
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ence electrode DJJves along the axis of the sample and control ling the time per 

revolution of the specimen. 

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 mn 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 DJJtor to the X ampli­

fier of the recorder the sum of the Y position of the UJJtor and the amplified po­

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

dimensional plot of the potential fµ.eld variajkions at a plane parallel to the 

sample surface. The signals can also be recorded on a storage oscilloscope and 

photographed. Alternately, the amplified potential difference can 100dulate the 

intensity of the cathode 

equipotential lines from 

APPLICATIONS 

Pitting Corrosion 

. ( 11) 
ray tube of an oscilloscope, or plot the 

an analyzer. 
(15) 

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

sive uetal surfaces and is generally directly related to the presence of chlo­

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

ables associated with the interface be tween the ue tal 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 . 1 h . 1 . (16-2 2) preparation an history and thee ectroc e11U.ca potential. 

The pitting behavior of stainless steels was investigated by Rosenfeld and 

. (16) 
Danilov using the adjacent reference electrode technique. Their measure-
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ment s were carried out in a solution containing about O. OSM FeNH
4 

(so
4

)
2 

and 0.1 

or 0.56M NH
4

Cl. They c ould detect pits after 30-60 secs after contact with the 

solution. Initially the rates of dissolution of all the pits were similar, how­

ever, 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 dif­

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

tively 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 size of 

the pits. 

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

current densities, therefore, decreased and assuming a hemispherical pit, the 

surface area varied 1 ineari ly with time. 'nlis result is in agreement with work 

b h 
. . (17,18) 

y ot er investigators. 

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

. (12 21) 
in a ferric chloride solution ' composed of 0.4M FeC1

3 
and adjusted to pH 

0.9. ( 20) 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

e rat ion of active pits. With time, the potential of the specimen decreased as 

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

crease were observed when pits passivated. The active and repassivated pits 

were separated using the SRET. The active pits were always covered by a film 

and contained a dark green solution. Fig. 4 shows a sequence of scans 

.- 196 



AFWAL-TR-81-4019 
Volume II 

represented by potentia l surfaces for an electropolished surface at the times 

shown. Each peak is associated with the currents from active pits. On the 

first scan, init ialed one minute after exposure, fourteen pits could be 

identified. The number of active pits decreased and only one pits was active 

after 26 minutes. When the final pit was subjected to a jet of solution, it 

repassivated. Toe anodic currents polarizing the cathodic reaction then ceased 

and the potential rose rapidly above the pitting potential and the sequence of 

events observed on first cont act i ng the specimen with the chloride solution was 

repeated. 

It was suggested that the film over the ac t ive pits was the pas sive oxide 

film originally on the metal surface that was undermined by the pit ting 

(12) 
process. This possible explanation was investigated by varying the surface 

preparation of the stainless steel prior to pitting. 

Toe 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. Toe thicker the oxide, the greater was the protection afforded to the 

growing pit and the longer the pits remained active. When the metal was 

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

half-lives 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. 

Intergranular Corrosion 

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

grain boundaries of steels. This form of corrosion is particularly severe in 

stainless steels which are sensitized. Sensitization is caused by (1) heat 

treating the alloy in the temperature range of 500-850°C for a few hours and 
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quenching; (2) cooling slowly through the above rentioned temperature range and; 

(3) welding.< 23 , 24> It is generally believed that sensitization leads to the 

precipitation of chromium rich carbides at the grain boundaries and the deple­

tion of chromium adjacent to the boundary. <25 > This depletion has been observed 

. (26) 
by scanning transmiss io n electron microscopy. 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. S(A) is a poten­

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

(600°C for 24 h) type 304 stainless steel in 2.SN H
2
so

4 
at room temperature at 

a potential of -200 mV vs. SCE. Fig. S(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. S(B) 

(dotted lines). The potential peaks were observed only in the case of 

sensitized type 304 stainless steel, while solution annealed (1100°C for 3 hrs) 

samples exhibited no peaks and no grain boundary etching in this solution. 

The dependence of intergranular corrosion on the electrochemical potential 

of type 304SS in 2.SN 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 obsetved on scanning, while in the potential region, where 

the material does not undergo IC no peaks are observed. The material is suscep­

tible to IC between -280 mV to +80 mV vs. SCE and then again in the transpassive 

region(> 820 mV vs. SCE), as shown in Fig. 6. This result is consistent with 

the observation of IC of this steel in the Strauss test and the nitric acid 

t t 
(27) 

es. 
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Welds 

In welding, it is assumed that cor rosion behav ior of the weld metal and 

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

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

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

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

rode m:>re or less than the parent metal due to differences i n composition or 

11 . 1 d . . (24) meta urgica con ition. In addition, the base metal heated during the 

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

cycles. <23 > The factors that can influence the type and degree of preferential 

attack depend on 1) composition and structure of base and we l d metal, 2) 

metallurgical changes in the parent metal due to welding, 3) welding process and 

d 4) . f . 1 1 d d 5) h f h · (2B) proce ure, size o ma teria we de , an t e type o t e environment. 

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) in tergranular corrosion of the sensitized material in the heat-affected zone 

of the base metal. (l 3) A type 304 stainless steel weldment was tested in 2.5N 

H
2

so
4 

at room temperature at various potentials. The potential regions 

exhibiting the different types of preferential attacks are shown in Fig. 7. 

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

the m:>st common cause of intergranular corrosion and intergranular stress corro­

sion cracking in stainless steels in service. In order to determine the suscep­

tibility of a given weldment to these forms of localized attack, it is necessary 

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 
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mentioned requirements and has been successfully used to give the location and 

the degree of sensitization of the weldments for various welding process 

variables. . (13) 
The details of the test are given in detail elsewhere. 

Stress Corrosion Cracking 

Stress corrosion cracking · in metal systems is concerned with the 

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

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

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

react ion(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 electrolyte used was 20 molal 

LiCl controlled at 90°C. 

Fig. 8 shows the potential peaks observed after the cracking had 

progressed into the UEtal. The propagation of the potential peaks was studied. 

Fig. 9 gives the magnitude of potential peaks along the length of the crack at 

various times taken from figures similar to Fig. 8. The shape of these plots 

which are non-symmetrical, 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 disso­

lution takes place at the high stress intensity at the crack tip where fresh 

1 . . 1 d h . . <29 > h me ta is continuous y expose to t e corrosive environment. However, t e 

persistent anodic dissolution of the crack surfaces shown using SRET, during 

cracking and after the specimens fail, is in conflict with models which suggest 

that the crack surface must passivate to account for crack propagation. The 

SRET suggests that the exposed metal remains active but with decreased dissolu­

tion rates. 
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SUMMARY 

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 obset'Vable potential variation in solution. The technique is also use­

ful in separating preferential dissolution or cathodic reactions under 

control led potentials where external currents flow. 

Other electrochemical measurements e.g. polarization techniques, can give 

detailed infoxma tion about processes 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~ determination of the corrosion processes and 

al lows for clarification of the factors involved, without extraneous effects 

influencing the corrosion. 
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TABLE 1. Variations of Pit Half-Life with Surface Preparation 

Surface treatment 

Elec tropo lished and cathodicali.y po~arized ,· 

As electropolished 

Electropolished and oxidized 
• ; '.: ,., • ~ • • • I 

at ll0°C fot" 

Electropqlisped an!i oxidized at l.65°C for 
' . . . . 

. E i_ec .. t .roP:o1 ished and oxidized at; 240~C for 

E~_~c_tropolis~ed ~nd o_xidized a; 250°C .for 

Elec tro~_o_lish_~d and oxidized 
·' 
at 300°C for 

El~c}rop_oli.sh..e4__ ~n~ , ~xid ized at 375°c for . 

Abraded with 600 grade SiC 

Abraded and oxidized at 250°C for 8 hr 

*Maximum variation of 20% 
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24 hr 

24 hr 

24 hr . 

2 hr 

22 hr 

2 hr 
J '. 

Pit half-life,* 
min 

<l 

22 . 

.90 . 

150 

430 . 

480 . 

340 

Z70 

<l 
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