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In situ synchrotron X-ray radiography was used to observe the evolution of 2D pits growing at the edge

of stainless steel foils in chloride solutions of varying concentrations under current and potential control.

A method was developed for measuring the local anodic current density along the perimeter of pits

from the rate of advance of the pit into the metal. Pit depth tends to increase with time with kinetics

consistent with diffusion control (under a salt layer), whereas lateral development (on film-free surfaces)

is influenced by solution conductivity. Perforated covers formed on pits control their growth and stability.

© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Stainless steels are employed in many industrial and architec-

tural applications owing to their good corrosion resistance and

other desirable properties. It is well known, however, that localised

corrosion (and in particular pitting corrosion) can occur in the

presence of halides (particularly chlorides). This form of damage

can often lead to the degradation of both functional and cosmetic

properties of components. In the presence of mechanical stresses,

this form of damage has been observed to potentially lead to the

development of stress corrosion cracks (SCC), thus degrading the

structural properties of components (e.g. [1]).

The work described in this paper aims at further elucidating

the nature of pitting propagation mechanisms in order to support
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the development of mechanistic models able to predict the likely

extent and kinetic of damage in relevant conditions. Whilst relevant

to many applications, the work was carried out with the specific

aim of supporting the development of safety cases and long term

strategies for the storage and disposal of radioactive waste in the UK

(in particular intermediate level waste, ILW [2], which is currently

packaged in stainless steel containers grades 304L and 316L).

It is well established that corrosion pits in stainless steel grow by

an undercutting mechanism in which the pit maintains an overall

hemispherical or dish shape covered by a perforated metal cover

[3–13]. The fine structure is formed by local inhomogeneity in

the current density in different regions of the pit, which has been

simulated in a model developed by Laycock and co-workers for

austenitic stainless steel (300 series) [14–17]. The model assumes

that there are three different regions of a growing pit: the passive

region near the mouth or lacy cover where the concentration of

metal ions is low, a diffusion-limited region at the bottom where

the pit is covered in a salt layer, and an actively dissolving region at

the sides where there is neither passive film nor salt layer to limit

dissolution. In this paper, radiographic measurements of 2D pits on

http://dx.doi.org/10.1016/j.corsci.2015.06.023

0010-938X/© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Table 1

Deff�C values reported in literature obtained from 1D artificial electrode experi-

ments all assuming z = 2.2.

Deff�C

(10−8
× mol cm−1 s−1)

Condition Reference

3.57 FeCl2 in water Kuo and

Landolt [20]

3.46 304 stainless

steel, 1 M NaCl

Gaudet [21]

3.39 302 stainless

steel, 1 M NaCl

Laycock and

Newman [26]

3.95 304 stainless

steel, 1 M NaCl

Ernst and

Newman [11]

∼2.5 316 stainless

steel, 1 M NaCl

Carcea et al.

[28]

stainless steel grades 304 and, to a lesser degree, 316 are used to test

the assumptions made in the model and provide quantitative data

on the inhomogeneous local current densities within growing pits.

It has long been assumed that pit stability is controlled by dif-

fusion: in order to maintain an aggressive environment within the

pit that prevents repassivation, the rate at which metal ions escape

from the mouth of pits must be no greater than the rate at which

they are produced by anodic dissolution processes [18]. Pit stability

is thus usually described in terms of the pit stability parameter i.x,

the product of the current density at the bottom of the pit i and the

pit depth x. The critical value of i.x, which must be exceeded for a pit

to remain stable, has been experimentally determined to be 3 [8,19]

or 4 [9] mA/cm for stainless steel in chloride solutions. However,

these parameters are generally determined from electrochemical

measurements in which pits are assumed to grow in a hemispher-

ical shape at a uniform current density. In order to develop models

that more accurately reflect pit propagation, it is necessary to make

direct measurements of the evolution of pit shape, and determine

how the local current density varies within pits.

Artificial mono-dimensional (1D) pit electrodes have been pre-

viously used to develop an understanding of pit electrochemistry

and dissolution kinetics [20–23]. These electrodes are usually

pseudo-one-dimensional cavities with a small corroding surface

area in which concentrated solutions of metal ions similar to a real

pit are developed. These studies provide a basis for interpreting

diffusion-limited current densities in 2- and 3-dimensional pits,

which are the focus of this study. According to these studies, for

pits growing under electrochemical conditions in which growth

occurs under diffusion control, there is a relationship between (pit

depth)2 and time (using Faraday’s second law in conjunction with

Fick’s first law for diffusion). In this approach, Fick’s first law can

be written as [23–25]:

ilim =
zFDeff �C

h
(1)

where ilim is the diffusion–controlled current density, z is the trans-

ferred charge (2.2 [26,27]), F is the Faraday constant, Deff is effective

diffusion coefficient, �C is the concentration gradient of metal ions

at the pit bottom (or pit surface) and mouth (or bulk solution), and

h is the pit depth. The relationship between pit depth and time is:

h2
=

MDeff �C

�
t (2)

where � is the metal density, M is the atomic mass and t is time.

Therefore, for pits growing under diffusion control, the value of

Deff�C can be extracted from the slope in the plot of h2 vs. growth

time. The values of Deff�C determined experimentally by a number

of researchers are shown in Table 1.

Determination of the effective diffusion coefficient Deff from

Deff�C requires knowledge of the concentration difference �C. It is

generally assumed that the pit mouth has a metal ion concentration

of zero. It is also assumed that pits growing in stainless steel under

diffusion control are covered by a salt layer of FeCl2·4H2O [29],

in equilibrium with a saturated metal-chloride solution. The satu-

rated concentration of metal ions adjacent to the salt layer has been

determined to be 3.5 M Fe2+, 1.1 M Cr3+ and 0.5 M Ni2+ [30]. How-

ever, a saturation concentration of 4.25 ± 0.05 M for FeCl2 reported

by Kuo and Landolt [20] is commonly used as the concentration of

metal ions at the pit bottom in the interpretation of 1D artificial pit

measurements [8,21,26,31,32].

There have been relatively few attempts to observe and in some

cases extract the average current density from video images taken

of growing 2D pits. Frankel presented a method to directly measure

the average anodic current density from the growing pit bound-

ary velocity in Al [33], an Al alloy [34] and Ni–Fe [35] thin films.

Subsequently, Ryan et al. [27,36] determined the anodic current

density in pits propagating as 2D disks in stainless steel thin films

by measuring the pit edge movement velocity. Ernst and Newman

[11,12,37] studied stability of pit growth in detail and measured the

kinetics of 2D pit propagation in depth and width and compared

the results with kinetics in 1D pencil electrodes. They developed a

semi-quantitative model for pit propagation which explained the

lacy pit cover formation during the pit growth, although they did

not measure current density within the pit. More recently, Tang

and Davenport [38] tracked the pit boundary movement and com-

puted the instantaneous but average current density in Fe-Co thin

films. However, there have been no previous attempts to quan-

tify the local current density during inhomogeneous growth of

pits, although such local variation in current density has long been

recognised [7].

In this paper, we present the use of synchrotron X-ray radio-

graphy to characterise the growth of 2D pits in a geometry similar

to that previously used by Ernst and Newman [11,12], and extract

the local current density around the perimeter of pits grown under

both potentiostatic and galvanostatic conditions. The pit growth

kinetics and stability are also studied. Further work [39,40] is being

carried out to extend this information to the case of atmospheric

conditions (particularly relevant to the management and disposal

of radioactive wastes), in which concentrated solutions, cathodic

processes and resistive (e.g. IR-drop) effects are likely to play an

important role in the amount of damage associated with stainless

steel pits over very long timescales (many decades).

2. Experimental method

2.1. Measurements

Pits were grown at the top edge of stainless steel foils (20 and

25 �m, Goodfellow Cambridge Ltd) cut to a width of ∼0.7 mm

embedded in epoxy resin (Araldite) and attached to an electro-

chemical cell as described in reference [41]. Grades 304 and, to

a lesser degree, 316 were used in all experiments. Approximately

30 min prior to each measurement, the top edge of the foil was

abraded with 4000 grit paper, washed, dried, and small drops of lac-

quer were applied to the two ends of the exposed surface to prevent

pit initiation at the ends of the foil. This arrangement was gener-

ally effective in preventing the onset of crevice corrosion. In some

experiments, pits growing underneath the lacquer were observed.

The results of these measurements are described in a later section

of this paper.

The electrochemical cell setup is described in detail in an ear-

lier paper [41]. An Ivium (CompactStat) potentiostat was used to

provide electrochemical control and all potentials were measured

relative to an Ag/AgCl reference electrode ([Cl−] = 3 M). Electrolytes

were 0.005, 0.01, 0.1 and 1 M NaCl prepared from laboratory-

grade chemicals and deionised water supplied from an Elix water
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Fig. 1. Pit grown in 304 stainless steel foil at 650 mV vs. Ag/AgCl in 0.005 M NaCl

after 470 s. The arrows indicate the definitions used for the pit “mouth”, “width” and

“depth”.

purification system. All tests were performed at room temperature

(21 ± 3 ◦C) with the solution open to air.

The growth of pits was recorded through high resolution high

speed X-ray radiography, carried out at 15 keV at the TOMCAT

beamline at the Swiss Light Source (SLS). The TOMCAT detector,

used with a 20× objective and 1 × 1 binning, covered a maximum

field of view of 0.75 mm × 0.75 mm, providing the minimum pixel

size of 0.37 �m × 0.37 �m. All radiographs were flat-field corrected

before analysis.

Experiments typically lasted between 10 and 40 min. At high

chloride concentrations, multiple pits typically initiated within

seconds of applying the potential and grew simultaneously

together. In these cases, experiments were short and terminated

after two or more pits had merged together. However, at lower

chloride concentrations, normally only one or two pits initiated or

continued to grow. In lower chloride concentrations, the induction

time for pits to initiate was longer [42]. Therefore, these experi-

ments were performed for longer periods.

Pit parameters were automatically extracted from radiographs

using a customised filter plug-in implemented into the ImageJ soft-

ware [43], which is described elsewhere [41,44]. Details of the

extraction of the local current density are described in reference

[44].

2.2. Pit edge detection and definition of pit depth and width

In order to quantify the growth of pits during successive radio-

graphs, it is necessary to extract the co-ordinates of the pit

boundary as well as parameters associated with the pit morphol-

ogy. Fig. 1 illustrates the definitions used in this work for the pit

“depth”, “width” and “mouth”. The maximum distance from pit bot-

tom up to foil interface with solution is defined as the pit “depth”,

the maximum lateral extent of pit is defined as pit “width”, and the

horizontal distance between the two points where pit boundary

connects to the foil top surface is considered as pit “mouth” (or the

distance between the junction points of pit internal perimeter with

foil interface with solution).

2.3. Current density extraction

Once the pit boundary has been defined for several successive

radiograph frames of a growing pit, then the local current densities

at the pit boundary can be calculated from the boundary velocity.

Fig. 2 shows the position of the pit boundary 20 s later than its

earlier position (yellow boundary).

The velocity of the pit boundary can be calculated at each point

by the displacement along the local normal from one frame to a

subsequent one at a later time dt. The displacement is measured

by the normal distance from the centre of two adjacent points in

the boundary at time t with respect to the boundary at time t + dt.

Fig. 2. Movement of the pit boundary after 20 s compared with its earlier position

(yellow boundary). (For interpretation of the references to color in this figure legend,

the reader is referred to the web version of the article.)

Fig. 3. Variation of pit current with time in a potentiostatic measurement carried

out on 304 at 650 mV (Ag/AgCl) in 0.005 M NaCl solution, together with radiographs

showing the appearance of the pit at different times; the current increases as the pit

grows and periodically drops due to perforation of the cover and local passivation.

The velocity is then converted using Faraday’s 2nd law into a local

current density:

i =
dx

dt

zF�

M
(3)

where i is the local current density, dx/dt is the local measured pit

boundary velocity.

3. Results

3.1. Characteristic pit growth behaviour

The typical variation with time of the pit current measured in

a potentiostatic experiment on 304 (650 mV (Ag/AgCl) in 0.005 M

NaCl), together with images showing typical radiographs collected

at different times are shown in Fig. 3. It can be seen that, after a

period of initiation, the current generally increases approximately

according to t1/2 but strong fluctuations are imposed upon this

trend. The radiographs also show that a dish-shaped pit with a very

thin perforated metal cover gradually grows through period of rel-

atively fast local growth followed by a decrease in growth rate and

eventual passivation of some of the (previously active) surfaces,

accompanied by the development of fast growing regions (‘lobes’),

generally growing sideways. As the pit grows, the supplied cur-

rent increases owing to the increase in pit surface area. However,

at ∼70 s, there is a sudden drop in current. This is likely to be asso-

ciated with development of a new perforation that allows escape

of metal ions from the pit, diluting the pit solution and leading to

local passivation. At ∼75 s, the current starts to increase again: this

is associated with lateral growth of a new region of attack at the

bottom of the pit. The continuing current fluctuations are a conse-

quence of ongoing perforation and development of new regions of
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Fig. 4. The pit shown in Fig. 3 following growth for 600 s at 650 mV vs. Ag/AgCl in

0.005 M NaCl; (a) optical micrograph of top surface of the foil, (b) higher magnifica-

tion SEM image of the top of the foil showing the perforated cover, (c) radiograph

of the final shape of pit. The scale bar for (b) and (c) is identical. The yellow dashed

lines correlate the pit width in (b) and (c). The dark regions at both edges of foil in (a)

and (b) are the lacquer/epoxy coating placed to protect edges of foil from pit/crevice

intiation.

Fig. 5. Radiographs of several 2D pits growing under potentiostatic control at the

edge of a 20 �m foil of 304 stainless steel in 0.1 M NaCl at +650 mV vs. Ag/AgCl. The

time at which each radiograph was taken is shown (the potential was applied at

t = 0).

lateral pit growth, leading to the characteristic “lacy” perforated pit

cover shown in Fig. 4. Pit covers of this type have previously been

observed for pits in stainless steels [3,4,6–9,45]. Fig. 4 also shows

an optical micrograph indicating the location of lacquer drops at

the two ends of the foil that were applied to prevent pit initiation.

3.2. Pit growth under potentiostatic and galvanostatic control

In this study, under potentiostatic control and in concentrations

of 0.1 M NaCl and above, multiple adjacent pits of similar size and

shape were formed on grade 304, which grew together until they

merged (Fig. 5). This simultaneous initiation and propagation of

multiple pits appears to be a characteristic feature of potentiostatic

control, since, in these conditions, there is no limit to the current

that can be supplied to the system. A video of this process (10×

times speeded up) is provided in the online version of this article

(Video 1).

Supplementary material related to this article can be found, in

the online version, at doi:10.1016/j.corsci.2015.06.023.

Conversely, it was found to be difficult to initiate pits repro-

ducibly under galvanostatic conditions due to competing crevice

corrosion at the edge of the foil that was in contact with epoxy.

Therefore, in this work, galvanostatic measurements were gen-

erally preceded by a brief period under potentiostatic control to

initiate the pits. Fig. 6 shows typical growth of a pit grown in

Fig. 6. A series of radiographs of a 2D pit growing at the edge of 20 �m foil of 304

stainless steel that was initiated in 0.1 M NaCl at +650 mV (Ag/AgCl) for 10 s then

propagated galvanostatically at 10 �A. The time at which each radiograph is taken

is shown (+650 mV (Ag/AgCl) was applied at t = 0).

Fig. 7. Radiographs of two pits growing simultaneously at the edge of 20 �m foil of

304 stainless steel in 0.01 M NaCl at 20 �A after initiation at 650 mV vs. Ag/AgCl for

10 s.

galvanostatic conditions at a current of 10 �A, following pit initia-

tion under potentiostatic control at +650 mV (Ag/AgCl) for a period

of 10 s. Further information on the current signal during growth of

pits of this type is provided elsewhere [41,44] and a video of this

process (10× times speeded up) is provided in the online version of

this article (Video 2). It is evident that a number of pits were initi-

ated in the potentiostatic regime, but once the sample was switched

to galvanostatic control, the smaller pits repassivated and only one

pit survived and continued to grow. It was always the case in the

galvanostatic measurements carried out in this way that only one

or two pits survived after switching from potential control to cur-

rent control. Following a switch to galvanostatic control, if two pits

survived, they usually grew at the same rate and to the same size as

illustrated in Fig. 7. A video of this process (10× times speeded up) is

provided in the online version of this article (Video 3). Further evi-

dence illustrating pit survival following switching from potential

control to current control is available in reference [44].

Supplementary material related to this article can be found, in

the online version, at doi:10.1016/j.corsci.2015.06.023.

3.3. Pit morphology

A difference in morphology was frequently observed between

pits grown under potentiostatic vs. galvanostatic control. Fig. 8

compares the morphology of pits grown potentiostatically and

galvanostatically after a charge of ∼2.6 mC has passed. The poten-

tiostatically grown pit (Fig. 8(a)) is shallow and smooth with a

clearly defined and smooth perimeter. In contrast, the galvanos-

tatically grown pit (Fig. 8(b)) is deeper but has a rougher surface

and an etched perimeter.
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Fig. 8. Radiographs of 2D pits grown at the edge of 20 �m foil of 304 stainless steel

in 0.01 M NaCl until a charge of ∼2.6 mC had been passed; (a) potentiostatic growth

at 600 mV (Ag/AgCl) for 220 s, (b) galvanostatic growth at 10 �A for 300 s after 10 s

initiation at 650 mV vs. Ag/AgCl.

Fig. 9. Pits grown in 0.01 M NaCl potentiostatically at 550 mV (Ag/AgCl) and gal-

vanostatically at 10 �A for 450 s. Counters at 10 s interval.

It should be noted that in this work, the potentials that

were applied under “potentiostatic” control and observed under

“galvanostatic” control were significantly different. For exam-

ple, the measured potential decays from 650 mV to 150–200 mV

(Ag/AgCl) within a period of 150 s following the switch from poten-

tial control to an applied current of 10 �A. It is therefore likely

that the observed differences can be attributed to the difference

in interfacial potential.

Fig. 9 shows the boundaries of pits at different stages of growth

for potentiostatic and galvanostatic pits. In the pit grown poten-

tiostatically (at higher potential), sideways growth via propagation

of lateral lobes can be observed. However, more uniform growth

in all directions towards a circular shape can be observed for the

galvanostatically grown (low potential) pit.

3.4. Effect of lacquer on pit shape

In these experiments, lacquer was applied to the ends of the

metal foil to prevent pit initiation and increase the probability of

growth of a single pit in the centre of the foil (Fig. 10(a)). However,

sometimes a pit that initiates in the centre of the foil may grow

under the lacquer (Fig. 10(b–d)). The presence of the lacquer means

that perforation of the pit cover does not lead to local dilution of

the pit solution. Instead, the pit is able to continue to grow hori-

zontally, as shown in the left side of Fig. 10(b) and the right side of

Fig. 10(c and d). The other side of each pit grows by the mechanism

of successive perforation. This indicates how partially covered pits

may lead to development of crevice corrosion.

3.5. Local current densities within pits

Fig. 11 shows a growing pit with a plot of local current density

along the pit boundary measured from the velocity of boundary

movement by considering frames that are 5 s apart. In this graph (as

in the following ones), the abscissa in the plots of current density

associated with different images represent the distance of a line

traced across the pit contour (i.e. the pit boundary) from the point

on the left-hand side of the image in which the pit intersects the

original surface, which enables location of different points on the

pit boundary through a single coordinate. The developing fronts

within the pits and their corresponding current density in the plot

are marked with X and Y. At all of the times illustrated in Fig. 11, it

can be seen that towards the outermost points on the perimeter of

the pit, the current density drops to zero, which is to be expected

for a passive region of the electrode. The transition from passive to

active surface is abrupt leading to undercutting and lobe formation.

In the centre of the dissolving surface (i.e. at the bottom of the pit)

the current is constant, generating a local minimum between two

regions of maximum dissolution (located on the side).

Figs. 12 and 13 show the time-dependence of local current den-

sities within the pits. At each frame time, the maximum current

density along the pit perimeter was extracted. Also, the current

density at the mid-point of the pit was extracted in order to give

an indication of the current density at the pit bottom, assuming the

symmetry of the pit cavity is retained during growth. The fluctua-

tion in maximum current density illustrates the dynamic nature of

growth at the developing lobes. It is evident that the current density

values remain fairly constant for the pit growing under potentio-

static control (Fig. 12), whereas the current density decays during

growth of the pit under galvanostatic control, following the gradual

decrease in potential (Fig. 13).

Fig. 14 compares the maximum current density along the

boundary of pits grown at 650 mV (Ag/AgCl) at different chloride

concentrations of bulk solutions. A slight increase is observed in

the maximum current density as the concentration of bulk chlo-

ride increases; this is likely to be associated with the lower IR drop

in solution at higher concentrations leading to a higher interfacial

potential.

3.6. Pit growth rate

In order to extract the pit growth parameter Deff�C, pits were

grown for an extended period under potentiostatic control until

they merged into a 1D pit. Fig. 15 shows a series of images at dif-

ferent times for pit grown in 1 M NaCl at 650 mV (Ag/AgCl). It can

be seen that the coalescence of individual pits is relatively rapid,

and by 300 s there is a uniform dissolution front and no pit cover

is evident. It should be noted that it was not possible to grow
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Fig. 10. (a) and (b) Lacquer covering the foil top interface with the epoxy to prevent pit/crevice intiation at the edges. (b)–(d) Pit growth morphology where one side is

covered with lacquer for pits grown in 0.1 M NaCl at (b) 650 mV (Ag/AgCl) for 10 s then 183 s at 20 �A (lacquer on left side), (c) 650 mV for 10 s, 550, 450 and 350 mV (Ag/AgCl)

each for 60 s (lacquer on right side), and (d) 650 mV (Ag/AgCl) for 10 s following 20 �A for 300 s (lacquer on right side).

Fig. 11. Sequential growth of a pit and corresponding local current density along the pit boundary measured from the velocity of boundary movement by considering frames

that are 5 s apart. X and Y are developing fronts within the pits and their corresponding current density in the plot.
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Fig. 12. Maximum and pit mid-point current density along pit boundary as a func-

tion of time during growth of the pit grown on 304 stainless steel foil in 0.1 M NaCl

at 650 mV vs. Ag/AgCl.

Fig. 13. Maximum and pit mid-point current density along pit boundary as a func-

tion of time during growth of the pit grown on 304 stainless steel foil in 0.1 M NaCl

at 10 �A following initiation at 650 mV (vs. Ag/AgCl) for 10 s.

Fig. 14. Maximum current density along pit perimeter grown at 650 mV (Ag/AgCl)

at different bulk chloride concentration.

individual pits of any size in 304 in 1 M NaCl under these exper-

imental conditions.

Fig. 16 shows a graph of pit depth squared against time for

the pit shown in Fig. 15. The depth values are taken from the

Fig. 15. Pit growth stages on a 304 stainless steel foil at 650 mV vs. Ag/AgCl in 1 M

NaCl, leading to the formation of a 1D pit; shallow dish-shaped micropits initiate all

along the surface (still at 5 s) and merge together (still at 10 s). General dissolution

continues for the rest of experiment (shown up to 300 s). The maximum vertical

distance from the pit bottom up to the mouth (original interface between foil and

solution) is considered as the pit depth.

Fig. 16. Pit depth squared as a function of time for the pit shown in Fig. 15 (1D pit

grown on 304 stainless steel foil at 650 mV (Ag/AgCl) in 1 M NaCl), in which gener-

alised dissolution occurs after multiple pits have coalesced. The pit depth values are

taken from the deepest part of the pit.

deepest part of the pit up to the pit mouth (original interface

between foil and solution). It can be seen that the plot is lin-

ear to a good level of approximation. Taking into account Eq.

(2) and considering M = 57.6 g mol−1 and � = 7.82 g cm−3, from

the gradient of the plot, the value of Deff�C is estimated to be

4.36 × 10−8 mol cm−1 s−1.

The same approach described above was used in other measure-

ments leading to the propagation of isolated ‘2D’ pits; in this case it

was assumed that if the resulting plot of (pit depth)2 against time

was linear, then the dissolution is diffusion controlled and diffusion

length is equal to the pit depth.

An example of this methodology is reported in Fig. 17, which

shows an example of an isolated (2D) pit grown on a 316L stain-

less steel foil in 1 M NaCl at 750 mV (Ag/AgCl). In general, in

the electrochemical conditions tested, pit growth on 316L was

more difficult and less reproducible than for 304, but this exper-

iment shows a good example illustrating the growth of a pit with
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Fig. 17. Pit growth in a 316L stainless steel foil at 750 mV vs. Ag/AgCl in 1 M NaCl.

Fig. 18. (Pit depth)2 as a function of time for a 2D pit formed on 316 in 1 M NaCl at

750 mV vs. Ag/AgCl (the pit shown in Fig. 17).

relatively little cover. A plot of pit depth squared as a function

of time is shown in Fig. 18. The linear correlation between the

square of the depth and time suggests that the pit is growing under

diffusion control. In this measurement, the value of Deff�C was

estimated to be 2.5 × 10−8 mol cm−1 s−1.

Table 2 summarises the Deff�C values obtained for pits under

different conditions. It may be seen that the Deff�C values obtained

for all 2D pits are lower than the values measured for the 1D pit.

Aside from this, the values are relatively similar across measure-

ments performed in potentiostatic conditions at different chloride

concentrations, with higher variability in measurements carried

out at lower chloride concentrations (pits No. 19–23). Slightly lower

values are obtained for galvanostatically grown pits (No. 24–30),

with relatively little variation. This variation can be attributed to

the variation in the degree of perforation of the pit cover. There-

fore, a “perforation factor” was estimated for 2D pits by taking the

ratio of the value of Deff�C for a 2D pit and that of the 1D pit.

Fig. 19 compares pits grown for ca. 60 s after initiation in (a)

0.005 and (b) 0.1 M NaCl under potentiostatic conditions (650 mV

vs. Ag/AgCl). At a concentration of 0.1 M, under potentiostatic con-

trol, pits normally grew in a dish-shaped or semi-elliptical form. In

more dilute solutions (0.01 and 0.005 M), pits grew narrower and

deeper. This is illustrated in Fig. 20, which shows the evolution of pit

width with depth for different chloride concentrations. These plots

are approximately linear for pits less than ca. 60 �m depth, from

which it may be deduced that the ratio of pit width to pit depth is

approximately constant for early stages of growth. At later stages,

the slope of the curve increases, indicating a relative increase of

the rate of propagation with width in respect to depth. The overall

ratio of width to depth increased with chloride concentration from

ca. 1–2 in 0.005 M NaCl to ca. 4 in 0.1 M NaCl, indicating a faster

growth sideways than with depth.

Fig. 21 compares the width and depth of pits grown under con-

stant potential of 650 mV (Ag/AgCl) or current of 10 �A. At both

conditions, the pit width increases with the increase in bulk chlo-

ride concentration. For a given concentration, pits are wider under

potential control than under current control (Fig. 21(a)). However,

as mentioned above, this is a likely to be the result of the signifi-

cant difference between the potential of the two electrochemical

regimes, e.g. 200 s after growth, the measured potentials of gal-

vanostatically grown pits were ∼140 and 208 mV (Ag/AgCl) at 0.1

and 0.01 M, respectively.

The pit growth in depth does not show systematic dependence

on applied current, potential or chloride concentration (Fig. 21(b)).

3.7. Pit stability product

A value for the pit stability product can be calculated from the

product of the local current density (ia) and the local depth at each

point along the pit surface. It is assumed that the local depth may

be defined as the vertical distance from the pit surface up to the pit

rim. Fig. 22 shows the stability product along the boundary of the

pit grown in 0.1 M NaCl at 10 �A for 22 and 47 s following initiation

at 650 mV (Ag/AgCl) for 10 s. At the initial stages (a) the stability

product is less than 2.5 mA/cm all along the pit boundary. As the

Fig. 19. Pits initiated and grown for ca. 60 s at 650 mV vs. Ag/AgCl reference electrode in (a) 0.005 M and (b) 0.1 M NaCl.
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Table 2

Deff�C calculated for pits grown in different conditions. The pit reported in the 1st row is a ‘1D pit’ (general dissolution of the entire exposed surface), while the other

experiments all refer to ‘2D pits’ (grown in isolation from each other and leading to damage only locally). All pits were grown in 304 foil, unless otherwise stated.

No. [NaCl] (M) E (mV)a I (�A)c Deff�C × 108 (mol cm−1 s−1) Perforation factor (%)e Notes

1 1 650 4.360 100 1D pit, uncoveredf

2 1 750 2.509 58 316L SS, single pit

3 0.1 650 2.074 48 3,4b

4 0.1 650 1.919 44 3,4b

5 0.1 650 2.296 53 One of two pitsd

6 0.1 650 2.023 46 6,7,8b

7 0.1 650 2.058 47 6,7,8b

8 0.1 650 1.874 43 6,7,8b

9 0.1 650 1.052 24 9–12b

10 0.1 650 1.799 41 9–12b

11 0.1 650 1.986 46 9–12b

12 0.1 650 2.288 52 9–12b

13 0.1 650 2.661 61 One of two pitsd

14 0.1 650 1.684 39 14–18b

15 0.1 650 1.655 38 14–18b

16 0.1 650 2.282 52 14–18b

17 0.1 650 2.182 50 14–18b

18 0.1 650 2.116 49 14–18b

19 0.01 650 3.749 86 One of two pitsd

20 0.01 550 3.555 82 Single pit

21 0.01 600 0.832 19 Single pit

22 0.005 650 1.790 41 Single pit

23 0.005 650 4.110 94 b

24 0.1 50 �A 2.296 53 One of two pitsd

25 0.1 10 �A 1.590 36 Single pit

26 0.1 10 �A 1.775 41 Single pit

27 0.1 20 �A 1.600 37 One of two pitsd

28 0.01 10 �A 1.534 35 One of two pitsd

29 0.01 20 �A 1.499 34 One of two pits (other pit No. 30)

30 0.01 20 �A 1.512 35 One of two pits (other pit No. 29)

a Potentiostatic mode: E (mV vs. Ag/AgCl).
b Multiple pits from same experiment (all pits in same experiment listed).
c Galvanostatic mode: pit initiated under potentiostatic conditions at 650 mV (Ag/AgCl) for 10 s and then grown at the current indicated I (�A).
d Other pit growing under resin.
e The “perforation factor” was estimated for 2D pits by taking the ratio of the value of Deff�C for a 2D pit and that of the 1D pit (No. 1).
f Isolated (2D) pits could not be grown in 304 in this condition.

Fig. 20. Pit width against pit depth of pits grown potentiostatically at 650 mV vs.

Ag/AgCl in NaCl solutions with the concentrations indicated.

pit grows, the stability product exceeds 3 mA/cm only at the pit

bottom areas and fluctuates around this value during the rest of

growth time. This value is broadly consistent with previous work

[8].

Fig. 23 shows the maximum stability product as a function

of time for galvanostatically grown pits at 10 �A in 0.1 M NaCl

solutions. The stability products tend to fluctuate between 3 and

4 mA/cm with some sudden increases to higher values.

4. Discussion

4.1. Pit growth shape

It is evident from this work (Figs. 5 and 6) that both the shape

and numbers of pits are influenced by whether the sample is

under potentiostatic or galvanostatic control. Under potentiostatic

growth conditions, multiple pits initiate and continue to grow at

same rate (Fig. 5). This is consistent with the observation of the

sudden initiation of pit sites and stable growth of pits above Epit

and the critical pitting temperature (CPT) [46,47].

In the experiments shown here, it was difficult to initiate pits

reliably under galvanostatic control, so pits were initiated under

potentiostatic control for 10 s and then grown under galvanostatic

conditions. In similar conditions, it was previously found that all

of the pits rapidly die except one “champion pit” [48,49]. The dif-

ference is that for galvanostatic growth, the amount of current

is limited while the pit and thus dissolving surface area is grow-

ing larger, leading to a gradual decrease in current density. Under

such conditions, the current flowing is insufficient to maintain a

concentrated solution within pits, so they gradually repassivate.

If multiple pits are present initially, once the electrochemical

control is switched to galvanostatic, the applied current will flow

into the pits which provide the least electrical resistance (i.e. resis-

tors in parallel according to conventional rules of electrical circuits).

Therefore, only pits with lower electrical resistance may continue

to grow. The electrical resistance may be mainly affected by the

extent of pit active surface area and perforation of the lacy cover.

Fig. 9 compares the pit development mechanism under poten-

tial and current control. Under potential control, a pit propagates
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Fig. 21. (a) Width and (b) depth as a function of growth time for pits grown poten-

tiostatically at a potential of 650 mV vs. Ag/AgCl or galvanostatically current of 10 �A

in NaCl solutions of the concentrations indicated.

Fig. 23. The maximum pit stability product (for each frame) as a function of time

for pit grown on 304 stainless steel foil in 0.1 M NaCl at 10 �A following initiation

at 650 mV (Ag/AgCl) for 10 s.

by successive development of laterally expanding lobes consistent

with the schematic model proposed by Ernst and Newman [11].

Pits growing under galvanostatic conditions initially propagate in

a similar shape to potentiostatically grown pits; small lobes from

both sides of the pit undercut metal and perforate the cover with a

sharp pit perimeter. However, the pit shape gradually adjusts to

accommodate the limited applied current with the lowest elec-

trical resistance, resulting in a relatively uniform dissolution rate

in all directions, thereby approaching an approximately circular

shape. The ratio of pit width vs. pit depth is ca. 2–4 in the potentio-

statically grown pits and ca. 1.4–2 in the galvanostatically grown

pits, suggesting that pits grown under potentiostatic control tend

to be less penetrating (more dish-shaped) than those grown under

galvanostatic control (this may be related to the different potentials

involved).

As the pit grows (galvanostatically) and its perimeter increases,

the average current density and accordingly the interfacial poten-

tial decreases and the pit perimeter at the bottom transforms to a

rough and etched surface. This transition agrees with Sato’s idea

[50,51] and the observations of Ryan et al. [27] that pits initiated at

high potential often grow with a polished surface but if the potential

Fig. 22. Radiograph and local stability product along the perimeter of the pit grown on 304 stainless steel foil in 0.1 M NaCl at 10 �A for (a) 22 and (b) 47 s following initiation

at 650 mV (Ag/AgCl) for 10 s.
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is decreased, pits either repassivate or propagate in a salt layer-

free active state with convoluted structure and lowest metal ion

concentration possible for continuation of propagation.

In contrast, in pits grown under potentiostatic control, the pit

perimeter looks sharp and well-defined during the whole growth

period (see e.g. Figs. 4 and 5); this is consistent with observations

of Sato [50,51] that pits grown at higher potentials have polished

and bright internal surfaces, suggesting that they are covered by

salt layer over the majority of their internal surface since polished

surfaces are characteristic of electropolishing dissolution beneath

salt [3,8,15,52]. Evidence for the presence of a crystalline salt layer

at the bottom of pits has also been observed in X-ray diffraction

measurements of 2D pits of the type shown in the present work

[53].

It should be noted that in the present work, the potentiostatic

measurements used a relatively high potential (+550 to +750 mV

(Ag/AgCl)) whereas the galvanostatically grown pits develop at

lower potentials (typically ranging from +600 down to <100 mV

(Ag/AgCl)) during the growth of a pit). Thus, a significant difference

in the evolution of pit morphology between potentiostatically and

galvanostatically grown pits is likely to be a result of the decrease in

interfacial potential during the course of galvanostatic pit growth.

4.2. Current density around pit perimeter and its variation with

time

The approach presented here and in a previous publication [41]

shows how the local current density around the perimeter of a

pit can be quantified. Previous work of Ernst and Newman [11,12]

showed the overall change of pit shape with time, but there was no

quantification of local current density. Other researchers have mea-

sured the average values from circular pits growing in thin films,

and so have not captured the difference in current density that

arises locally from the escape of metal ions from the pit mouth.

There have been a number of purely electrochemical measure-

ments of pit current density made on the basis of assuming that

pits grow homogeneously as hemispheres: the current density val-

ues vary in the rage of 0.1–10 A/cm2 for metastable pits [8,9,54] and

stable pits [52,55]. Similar average values are found in the present

work, but the key novel contribution of this paper is the quantifica-

tion of the variation of local current density around the perimeter

of the pit.

For pits under potentiostatic control, the pit current densities

can be divided into three regions, consistent with those used in the

model of Laycock and co-workers [14]. Near the mouth of the pit,

where the concentration of metal ions in the solution is relatively

low, the metal repassivates, leading to a negligible current den-

sity. At the bottom of the pit, where the presence of a salt layer is

expected, typical current densities are in the range of 1–2 A/cm2.

Higher current densities, in the range of 3–5 A/cm2 are found

between the passive and salt layer regions where pit lobes grow lat-

erally with active dissolution in the absence of any salt layer. Close

to the pit mouth, there is a remarkably sharp transition between the

high active dissolution and the adjacent passive region. The high

current density characteristic of this transition may relate to the

critical current density for passivation, icrit, proposed by Salinas-

Bravo and Newman [56], a concept that has been recently further

developed [57–60]. The observation of an extremely sharp tran-

sition between active and passive regions may also shed light on

mechanisms of stress corrosion cracking (SCC) that require passive

walls and an active tip to maintain the conditions necessary for

transgranular SCC.

The current density trend in all potentiostatically grown pits

shown in Fig. 12 indicates that the maximum ia fluctuates around a

certain value which slightly decreases as the pits grow. Less fluctu-

ation is seen in mid-point current density which can be considered

as the current density at the pit bottom (assuming symmetrical pit

shape) and there is a smooth decrease during pit growth.

Comparing the maximum current densities associated with lat-

eral growth (ia) shown in Fig. 14 shows that an increase in the

chloride concentration of the bulk solution results in slightly higher

current density. This result suggests a dependence of the growth

rate at laterally developing lobes on bulk chloride concentration,

and in particular to the resulting IR drop associated with the solu-

tion. In other words, the growth rate at developing lobes (where

ia is at its maximum) depends on the interfacial potential, there-

fore an increase in the chloride concentration in the bulk solution

causes a smaller IR drop and thus a higher interfacial potential,

which leads to higher dissolution rate and ia. The dependence of

lateral growth on potential supports the idea that the lateral cor-

roding surface is not covered with a salt layer which is consistent

with the observations of Ryan et al. [27,36] and Ernst and Newman

[11].

The current density profiles shown in Fig. 13 illustrate a clear

decrease with growth time which is a characteristic of galvano-

static growth, in which, as the pit propagates and corroding surface

increases, the local current density reduces due to the limited avail-

ability of applied current. Additionally, as the pit propagates, a more

uniform distribution of current within the pit can be deduced from

the smaller difference between the maximum and pit mid-point

current density, indicating a stabilisation of its characteristic aspect

ratio (i.e. the ratio between width and depth) after an initial tran-

sient. The decrease in current density with time is consistent with

the observations of Alkire and Wong [52], although in our work a

linear relationship between current density and the square root of

time was not observed.

4.3. Growth of pit depth

In this work, a linear relationship has been observed between

the square of the pit depth (h2) and time (t), consistent with

diffusion-controlled growth [20,23,53,61–65]. The gradient of h2

vs. t plots is proportional to the product Deff�C, which is given in

Table 2. This suggests that pits grow in depth under diffusion con-

trol. Although the slopes (Deff�C values) showed some variability

(generally within a factor of 2), no systematic change was found

with chloride concentration, or even if the pits are grown under

potentiostatic or galvanostatic control. This supports the idea that

stable pits grow under diffusion control with a salt layer at the

bottom, which adjusts in thickness so that the interfacial potential

between the metal and the salt layer gives a current density equal

to the rate of diffusion of metal ions [26,61] As a result, the growth

of pit depth depends only marginally on the external conditions

(both polarisation and chloride concentration).

While it would be expected that Deff�C may depend to some

extent upon the pit geometry, the most likely cause of the varia-

tion is likely to be the (unknown) variation in the extent of pit cover

perforation developed in different conditions. If no cover exists (a

condition achieved in the case of the ‘1D’ pit in this study), a maxi-

mum Deff�C is likely to be observed. In this study the 1D pit value

of Deff�C is in broad agreement with the values reported in the

literature (Table 1). The decrease in Deff�C obtained for pits with

a (perforated) cover (typically 50% of the maximum value) can be

attributed to the decrease in the rate of effective diffusion of metal

ions away from the pit provided by such physical barrier.

The variation in perforation factor in pit growth is a major source

of uncertainty in the prediction of pit growth. Its role in pit stability

is important, acting either as a resistive barrier [9] or a diffusion

barrier [8], thus protecting metastable pits and even stable pits [4,6]

from repassivation. In order to provide useful input parameters for

insertion into pit growth models, the simplest approach suggested

in this work is to estimate an empirically determined “perforation
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factor” by taking the ratio of the value for a ‘covered’ pit with the

value obtained for a pit without a cover.

4.4. Lateral growth of pits

As shown in Figs. 19 and 20, the pit width growth rate increases

with chloride concentration. These changes are consistent with the

results of Ernst and Newman [11]. The most likely reason for the

changes in width with chloride concentration is that an increase

in the bulk chloride concentration leads to a decrease in IR drop in

the solution and therefore, an increase in the interfacial potential

and dissolution rate at the laterally developing fronts, which grow

under activation/ohmic-drop control. However, at the pit bottom,

dissolution is diffusion-limited as described above, so that changes

in the pit depth with time are independent of salt concentration.

Comparison of pits that have grown under potentiostatic or

galvanostatic control in solutions of the same chloride concentra-

tion show that while the pit depths are similar (growing under

diffusion control), the pit widths are greater for the pits grown

under potentiostatic control. This can be attributed to the lower

potential measured during the galvanostatic experiments carried

out in this work.

4.5. Pit stability

Fig. 22(a) shows that the pit at the initial stages grows below

the stability product of 2.5 mA/cm. This is in agreement with the

work of Pistorius and Burstein [8] which showed that metastable

and even stable pits initially grew with the stability products value

below 3 mA/cm. This is due to the diffusion barrier provided by the

pit cover, as is visible in the figure, which maintains the concen-

trated solution inside pit cavity. Fig. 22(b) shows the slight increase

in the stability product as the pit enlarges. The stability products

as a function of time for galvanostatically grown pits, shown in

Fig. 23, illustrate an initial increase, but tend to fluctuate between

3 and 4 mA/cm for the rest of growth time. It is seen that pits ini-

tially grow below the stability product with the support of their

cover. Even after that, only at the pit bottom does the stability prod-

uct exceed 3 mA/cm; the rest of boundary grows under conditions

below the stability value because of diffusion barrier provided by

cover. This emphasises the importance of the lacy cover for trans-

port of metal ions from the pit bottom into the bulk solution and

supports the proposed “perforation factor”.

5. Conclusions

1. Radiography observations have confirmed that the pits grown

under potentiostatic control at relatively high potentials develop

via lobes through an undercutting process that perforates the

metal surface and gradually changes the pit shape from semi-

circular at the start to dish-shaped as growth occurs. In these

conditions, the pit perimeter is smooth, consistent with the pres-

ence of stable chemical conditions (and hence propagation rates)

within the pit (the salt layer present at the pit bottom is likely to

provide a chemical buffer to any externally driven change).

2. In the early stages of pit growth under galvanostatic control fol-

lowing initiation under potentiostatic control, pits propagate by

lobes undercutting the metal in a similar way to potentiostatic

growth. As the pits propagate under constant current, however,

the potential decreases and they tend to approach a circular

shape with a rough etched surface at the bottom, which is likely

to grow close to the critical concentration required for propaga-

tion, without a salt layer. The change in growth mode may also

be associated with a result of the gradual decrease in potential

as the pit grows.

3. The local current density along pit perimeter can be directly

measured from the movement of the pit boundary with suit-

able imaging techniques (e.g. X-ray radiography). The active local

current density inferred on the basis of these techniques varied

(locally) between ∼1 and 5 A/cm2.

4. The maximum current density along the pit perimeter is

observed at the transition point from the passive to active region

of the pit wall and is between ∼3 and 5 A/cm2. It is suggested

that this is the critical passivation current density, icrit, which

increases slightly with increase in the bulk chloride concen-

tration. The lowest active current density is seen at the pit

bottom, and is a diffusion-limited current density associated

with a metal-chloride salt layer.

5. The current density within a pit under potentiostatic control

remains almost constant during growth, whereas it shows sig-

nificant decrease during galvanostatic pit growth.

6. For both potentiostatically and galvanostatically grown pits, a

linear relation exists between the square of the pit depth and

growth time, and is independent of the bulk chloride concentra-

tion, which suggests that increase in pit depth is under diffusion

control, and the pit bottom is covered with a salt layer.

7. The diffusion-related parameter Deff�C can be extracted from

the radiographic 2D pit growth data and found to vary around

50% of the value for a 1D pit reflecting the effectiveness of lacy

pit covers in hindering diffusion of metal ions from the pit. The

value increases with increasing chloride concentration of the

bulk solution, reflecting the increase in porosity of the cover.

8. Lateral growth of pits is controlled by the conductivity (and

therefore chloride concentration) in the solution for both

potential- and current-controlled regimes.
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