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This paper intends to evaluate the pit chemistry characteristics of 316 austenitic stainless steel in NaCl and NaBr solutions while
discussing the pitting transition from metastability to stability. Results reveal that increasing the relative concentration of bromide
increases the critical and saturation concentrations of cations, which are, respectively, requisites for pit survival and salt precipitation.
Besides, bromide causes the ohmic solution resistance of the pit solution to increase. Consequently, it intensifies the pit transition
from metastability to stability and retards the occurrence of the stable pitting. The morphology of the pits and the influence of the
pit lacy cover on the pit stabilization in NaCl and NaBr solution are also discussed. It was also observed that contrary to metastable
pits, salt-covered stable ones have higher growth kinetics in the presence of bromide.
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Pitting corrosion studies have progressed considerably by the in-
troduction of pencil electrodes. Using these electrodes as individ-
ual artificial pits, different parameters can be directly measured,
including: critical conditions required for pit stabilization and salt
precipitation,1–7 active dissolution kinetics,8–10 transition potential be-
tween the bare and salt-covered states of growth,11–14 pit repassiva-
tion potential,6,13,15 etc. By means of these quantities, it would be
possible to shed light on mechanisms by which different parameters
such as existing species in the solution,3,4,13,16,17 alloying elements,8,18

temperature,3,19 inhibitors,20–22 chloride concentration2,19 and differ-
ent heat treatments23 affect critical pitting temperature, CPT, and pit-
ting potential, Epit. In this regard, the dissolution kinetics of the alloy
within the pit cavity have been always of great importance in pitting
corrosion studies.9–11,24–29

Li et al.27 have just proposed new principal parameters and criteria
for pit stabilization. Their proposed stability criteria are founded on
the balance between the current densities associated with pitting cor-
rosion. On one side, the pitting is favoured by the current density by
which the alloy is corroding at the bottom of a pit. On the other side, it
is retarded by the current density associated with the cations diffusing
out of the pit cavity. The former assists in creating the critical chemistry
required for the stabilization within the pit; the latter, however, retards
the attainment of such chemistry. As they believe, when the maximum
dissolution current density of an alloy within the pit, idiss,max, exceeds
the critical diffusion current density of the dissolved cations, idiff,crit, the
pit is stabilized. Conventionally, the critical values of stability prod-
uct, i·a, i.e. the product of pit current density, i, and its radius, a, are
regarded as the critical criteria for the pit stabilization/repassivation.
These critical values are corresponding to the critical pit chemistries
required for pitting stabilization and pit repassivation.10,14,30–32

Kaneko and Isaacs17 observed that for Fe-18Cr-12Ni stainless steel
(SS), the product of the dissolved cations diffusivity and their satura-
tion concentration, DCsat, is greater for LiBr solutions in comparison
with LiCl ones. Thus, they concluded that mass transfer rate outward
a pit would be greater for bromide containing solutions. According
to their work, the active interfacial dissolution rate of Fe-18Cr-12Ni
SS in chloride bearing solutions saturated with dissolution products
was higher than that in bromide bearing ones. This matter was ver-
ified in part I of this series.10 The concentration required to prevent
repassivation was also found to be higher in the case of bromide bear-
ing solutions.17 Some other studies discussed the disappearance of
the beneficial effect of alloyed Mo on the pitting corrosion of SSs in
bromide bearing solutions.33,34

The evolution of metastable pitting events and stable pitting of 316
austenitic SS in NaCl and NaBr solutions were investigated in part I

zE-mail: mhmoayed@um.ac.ir

of this series.10 This part assesses the pit chemistry characteristics
and examines the pit morphology in these environments. Using the
characteristics which are obtained in this part of the work, the val-
ues of critical, saturation, and supersaturation stability products for
the pits developed in NaCl and NaBr solutions are assessed. Then, it
is attempted to disclose why bromide is less aggressive for 316 SS,
with regard to the notion of pit transition potential, Etran, introduced
by Newman and Laycock,11 the unifying criteria set for pit stabiliza-
tion elaborated by Li et al.,27 and the conventional stability product
criterion of Galvele.31 Existing contrasts between these characteristics
in NaCl and NaBr solutions are canvassed, too. The existence of any
link between the characteristics of pit chemistry and metastable/stable
pitting as well as the pit morphology is also discussed with regard to
part I.10

Experimental

Materials and preparations.—The studied alloy in this work was
316 austenitic SS. A solution-annealed cylindrical alloy (diameter of
1 cm) was used for the preparation of flat electrodes. A wire of 316 SS
(diameter of 50μm) was also served as pencil electrodes. The chemical
composition of the alloys were given in part I.10 The flat electrodes
were prepassivated in 0.1 M solution of Na2SO4

10 and mounted in
an inert epoxy resin. Electrical connection was also established by
means of a copper wire and a screw. Prior to each experiment, the
flat electrodes were wet-ground down to 1200-grit SiC paper, washed
by distilled water and dried with the flowing warm air. The pencil
electrodes (surface area = 1.963 × 10−5 cm2) were also used in order
to assess the pit chemistry characteristics. They were prepared by
mounting the wire of 316 SS in an inert epoxy resin. Their connections
were also established by means of a copper wire. Prior to running
each experiment, they were wet-ground by 60-grit SiC paper, rinsed
by distilled water and dried with the flowing warm air.

Experimental solutions were made using distilled water and reagent
grade chemicals of NaCl and NaBr. The total concentration of ag-
gressive anions in each solution was 0.2 M with different ratios of
[Cl−]:[Br−]. The electrochemical cell in all experiments was a 250 ml
beaker open to the air.

3-step polarization experiments.—In order to assess the main char-
acteristics of the pit chemistry in studied NaCl and NaBr solutions, 3
polarization experiments were performed in a 3-step test, sequentially.
The steps are listed as follows:

- Applying the constant potential of 850 mVSCE (above Epit) for
15 minutes with the aim of developing a stable pit with a precip-
itated salt on its surface (potentiostatic experiment with the data
acquisition rate of 45 Hz);
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- Applying the constant potential of 350 mVSCE for 15 minutes for
establishing the salt and reducing the duration of pit growth in the
succeeding step3 (potentiostatic experiment with the data acquisi-
tion rate of 45 Hz);

- Lowering the potential until the repassivation of the pit (potentio-
dynamic experiment with the sweep rate of −1 mV·s−1).

The reduction of potential in the third step continued down until
the detection of the pit transition potential, Etran, and the repassivation
potential of pencil electrodes, Erep,p.

It must be added that 3-step polarization experiments were per-
formed based on the three-electrode technique. A saturated calomel
electrode (SCE), a platinum plate, and the pencil electrode of 316 SS
were served as the reference, auxiliary, and working electrodes, re-
spectively. Meanwhile, the pencil electrodes were situated in the cell
face-up in order to avoid the venting of the precipitated salt. The ex-
periments were carried out at ambient temperature (21 ± 3°C).

Since it is reported that Etran decreases by increasing the pit depth,29

only the results obtained with the same pit depths were considered in
the current work. Thus, to check data reproducibility, the experiments
were repeated several times to obtain at least 15 artificial pits of com-
parable depths.

4-step polarization experiments.—4-step polarization experi-
ments were designed to determine the supersaturation concentration
of the pit solution in different chloride and bromide bearing solutions.
The setup and two first steps of such experiments were entirely sim-
ilar to 3-step polarization experiments. Lowering the potential in the
third step, however, was begun from 350 mVSCE and continued down
to the average of the pencil electrodes’ repassivation potential, Erep,p,
by the rate of −1 mV·s−1. The average of Erep,p for each solution is
determined in 3-step polarization experiments. In the fourth step, the
potential was again swept by the same rate, up to the re-precipitation
of the salt and re-establishment of the diffusion-controlled growth
regime. These tests were similarly performed at ambient temperature
(21 ± 3°C) and repeated several times to obtain at least 15 artificial
pits of comparable depths, similar to 3-step polarization experiments.
The pencil electrodes in these experiments were also placed face-up
in the solution.

Morphological examination of pits by SEM.—The flat electrodes
with 0.785 cm2 exposed surface areas were used in order to contrast
the morphology of the stable pits in 0.2 M solutions of NaCl and
NaBr. For this purpose, they were first wet-ground down to 3000-grit
SiC paper and then mirror-polished by diamond paste. Afterwards, a
potentiostatic (PS) polarization experiment was implemented on each
of them based on the foregoing three-electrode technique. In the PS
experiments, the constant potential of 600 mVSCE was applied to the
flat electrodes and the polarization proceeded for 10 min after the sta-
ble pitting onset. The formed stable pits in 0.2 M solutions of NaCl
and NaBr were then examined by means of a scanning electron mi-
croscope (SEM) model LEO VP 1450. The examinations were carried
out both before and after the ultrasonic-cleaning of the electrodes. The
ultrasonic cleaning for both cases was performed for 25 min in a bath
containing 99% pure ethanol.

Results

Behavior of pencil electrodes in 3-step experiments.—Figure 1a
shows typical i-t (current density vs. time) behavior of the 316 SS
pencil electrode during the first step of a 3-step polarization exper-
iment. Regarding this figure, it can be briefly said that an artificial
stable pit begins to develop on the pencil electrode by applying the
constant potential of 850 mVSCE, which is above the pitting potential,
Epit. Epit of 316 SS in different chloride and bromide bearing solutions
was determined in part I of this series.10 In the first place, there is an
intact passive layer on the electrode’s surface before running the polar-
ization (I). By the polarization being applied, some stable micro-pits
nucleate on the susceptible points of the passive film and the current

Figure 1. a) Illustration of i-t behavior of the pencil electrode during the 1st
step of 3-step experiments and the stages of pit development. b) Typical result
of a 3-step polarization experiment conducted on 316 SS in 0.05 M NaCl +
0.15 M NaBr solution. c) Magnified 3rd step of the experiment which shows
both diffusion controlled and activation/ohmic controlled regimes. Note the
points 1 and 2 which are known as salt-free and critical points, respectively.
(Working electrode: 316 SS pencil electrode – solution: 0.05 M NaCl + 0.15 M
NaBr – data acquisition rate of PS steps: 45 Hz – sweep rate of PD step:
−1 mV·s−1).

density triggered from the alloy dissolution rises over the time (II). As
the micro-pits gradually join together, the current density continues to
increase until the formation of just one unidirectional (1D) artificial pit
at the crest of the curve (III). At such a point, the pit solution becomes
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saturated with a salt produced by combination of aggressive anions
and dissolved alloy cations and the salt precipitates at the bottom of
the pit. Thus, a barrier is created against the alloy dissolution within
the artificial pit. Gradual precipitation of the salt and increment of its
thickness (IV) finally leads to a steady dissolution of the alloy by a
rate, which is called diffusion-limited current density, ilim. The value
of ilim would be constant at a given pit depth. At this point, the salt
thickness progressively obtains its equilibrium value and its dissolu-
tion counterbalances its formation. This state is regarded as diffusion
controlled regime.1,11,27,35,36

A typical result of a 3-step polarization experiment conducted on
the pencil electrode of 316 SS is illustrated in Figure 1b. As can be
seen, the artificial stable pit which was introduced above has been
developed here, accordingly. Since the growth of the artificial pit is
unidirectional (1D), its depth, a, could be calculated by integrating the
curve over the time and using Faraday’s law (Equation 1).9,10,37–40

a = Z

nFρ

∫
idt [1]

The terms Z, n, and ρ in Equation 1 denote mean molar mass
(55.42 gr·mol−1), mean oxidation state of cations (2.196) and mean
density (7.85 gr·cm−3) of the alloy used as pencil electrodes, respec-
tively. F is also Faraday’s constant (96485 C·mol−1).

It must be added about Figure 1b that the reduction of potential in
the 2nd step can make the salt more stable and shorten the duration of
the pit growth in the 3rd step.3 It can also be seen that in spite of the
reducing trend of the potential in the 3rd step of the experiment which
begins right after the dashed line in Figure 1b, the current density
remained constant more or less. This step has been magnified in Fig-
ure 1c. It is plainly observable that even in the 3rd step, the diffusion
controlled regime has remained in place for a range of potential. This
range can be interpreted considering the reduction of salt thickness by
decreasing the potential. In other words, by reducing the potential, the
equilibrium thickness of the salt layer decreases too and the current
density remains unaffected (ilim). This behavior of the salt layer has
been successfully formulated by Li et al. in their recent work.28 By
reducing the potential, there will be eventually a point, like point 1, at
which the salt is completely dissolved. The point 1 in Figure 1c is there-
fore called salt-free point which is also the point of transition between
the diffusion controlled and activation/ohmic controlled regimes and
its corresponding potential is regarded as the pit transition potential,
Etran.11,13 After point 1, the state of activation/ohmic controlled regime
can be seen, in which the current density decreases by reducing the
potential, almost linearly. Indeed, the dissolution rate in this range (1
to 2) is directly dependent on the potential. It is noted that in the exper-
iments, point 2 was taken to be where the curve deviates from linearity,
as shown in Figure 1b. Using an approach introduced by Laycock and
Newman,11 the resistivity of the pit solution, Rps, and thus, the ohmic
IR drop corresponding to the pit solution can be obtained. According
to this approach, which neglects the effect of charge transfer resistance
due to the linear relationship between E and i, the slope of E-i (po-
tential vs. current density) could be regarded as the Rps settled within
the artificial pit.10,11 Point 2 is also regarded as the critical point and
its corresponding potential is called the repassivation potential of the
pencil electrode, Erep,p. The reason is that the artificial pit is not stable
at point 2 anymore, and it will repassivate after that. More accurately,
after point 2, the critical solution chemistry required for the pit to be
still stable is lost.1,3,13 The current density associated with point 1 is
the diffusion-limited current density, ilim. Conceiving that the pit after
point 2 is repassivated, the current density which corresponds to point
2 can be regarded as the critical diffusion current density, idiff,crit.11,27

Assuming that the cations concentration at the pit mouth is zero,
the application of the Fick’s law for points 1 and 2 can hand us over
valuable information about the concentration of the dissolved cations
in the pit solution. Equations 2 and 3 can be thus used to evaluate the
product of effective diffusivity and the concentrations at two salt-free
(1) and critical (2) points, respectively.1,3,13 It must be added that the
application of Equations 2 and 3 demands the establishment of steady

Figure 2. Schematic illustration of the 3rd and 4th steps of 4-step polarization
experiments. Note that the potential at point 2 is actually the average of Erep,p
obtained by 3-step experiments. The figure also shows how to calculate the
Csup:Csat ratio from the experiments. The arrows drawn adjacent to the curve
indicate the direction of the potential scan.

state condition at both points 1 and 2.

DCsat = ilima1

nF
[2]

DCcrit = idiff,crita2

nF
[3]

In Equations 2 and 3, a1 and a2 are depths of the artificial pit at
points 1 and 2, respectively, which can be assumed to be approximately
equal. D is the effective diffusion coefficient of the alloy cations. Csat

and Ccrit are respectively the saturation and critical concentrations of
the alloy cations. The former is required for salt precipitation and the
latter is needed for the pit to remain stable.

Behavior of pencil electrodes in 4-step experiments.—Figure 2
shows the 3rd and 4th steps of 4-step polarization experiments, to-
gether. The first two steps have not been represented in the figure be-
cause they were entirely similar to those have been shown in Figure 1b.
Point 2 in this figure is actually the average of Ecrit, which is specified
for each solution using 15 exclusive 3-step experiments. As can be
seen, a new increasing of the potential from the critical point (point 2)
results in the reactivation of the pit. As a consequence, the pit solution
will proceed toward supersaturation provided that passivation has not
already instigated at point 2. The maximum current density which is
observed at point 3 could be called supersaturation current density,
isup. After the temporary attainment of the supersaturated solution at
point 3, a thick salt layer is precipitated again to relieve the supersat-
uration. The salt precipitation hence, decreases the current density to
a lower limiting one, ilim,2, and re-establishes the steady-state diffu-
sion controlled regime (point 4). The lower diffusion-limited current
density, ilim,2, stems from the further pit growth during the potential
sweep (1 to 4 period). Dividing isup by ilim,2 can be an indication of the
Csup:Csat ratio, which is actually the degree of supersaturation needed
for precipitation of the salt.1,4

Transition and repassivation potentials of artificial pits.—Fig-
ure 3 shows typical i-E (current density vs. potential) behavior of
316 SS pencil electrodes at the 3rd step of 3-step polarization exper-
iments in different NaCl + NaBr solutions. The diffusion controlled
regime is evident for all five solutions in this figure. As seen, the
pit transition potential, Etran, and the repassivation potential of pencil
electrodes, Erep,p, both increase by increasing the [Br-]:[Cl−] ratio. The
existence of an activation/ohmic controlled regime is also observable
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Figure 3. Typical i-E behavior of 316 SS pencil electrodes at the 3rd step
of 3-step experiment for different combined solutions of NaCl and NaBr.
Etran and Erep,p denote the artificial pits transition and repassivation potentials,
respectively.

in the figure. Moreover, the diffusion-limited current density, ilim, is
perceptibly lower for the solutions in which the chloride concentra-
tion is higher. It is noteworthy that ilim is inversely proportional to
pit depth.7,22 Hence, ilim for different systems should be compared for
similar pit depths. Depicted curves in Figure 3 are all for the pit depths
of about 370 μm.

The cumulative distribution of Etran of 316 SS in NaCl + NaBr
solutions has been depicted in Figure 4. The notion of the cumulative
distribution was well described in part I of this series.10 As can be seen,
increasing the concentration of bromide in the environment increases
the value of Etran. That is, for the solutions with higher concentration
of Br−, the transition of the pit growth from diffusion controlled state
to activation/ohmic controlled one occurs at higher potentials. In addi-
tion, it implies that when the bromide relative concentration is higher,
the saturation concentration of the dissolved cations is obtained at
more positive potentials. For instance, the median value of Etran for
0.2 M pure solutions of NaCl and NaBr are 110 and 253 mVSCE, re-

Figure 4. Cumulative distribution of the artificial pit transition potential, Etran,
for different combined solutions of NaCl and NaBr.

Figure 5. Cumulative distribution of the repassivation potential of pencil elec-
trodes, Erep,p, for different combined solutions of NaCl and NaBr.

spectively. The median values for combined solutions are also situated
between these two. It had been previously reported that Etran of 316
SS in NaBr solutions is higher than that in NaCl ones.34,41 It must
be added that the pit depths were approximate for the artificial pits
investigated by 3-step experiments. The points shown in Figure 4 thus
belong to the pits with depths of about 370 μm.

Figure 5 shows the cumulative distribution of Erep,p for combined
NaCl and NaBr solutions. The points on this figure are in fact the po-
tentials of critical points (point 2) in 3-step experiments, which were
introduced in Figure 1c. Erep,p in this figure, akin to Etran in Figure 4,
increases by the increment of the relative concentration of bromide in
the solution. There is also a good data reproducibility in the exper-
iments. The median values of Erep,p in solutions 1, 2, 3, 4 and 5 are
53, 72, 99, 136 and 169 mVSCE, respectively. The depths of the pits
here are again approximate and correspond with those represented in
Figure 4: about 370 μm.

Pit chemistry characteristics.—The linear relationship between
the artificial pit depth, a, and the square root of time, t, has been
represented in Figure 6 for 5 studied solutions of NaCl and NaBr.
The linear relationship approves that the growth of the artificial pits
is controlled by diffusion. That is to say, substituting Fick’s first law
(Equation 2) into Faraday’s one (Equation 1) yields the following
relationship between a and t0.5:

a =
(

ZDCt

ρ

)0.5

[4]

Equation 4 stresses that there should be a linear relationship between
a and t0.5 provided that the diffusion controlled regime is established in
the artificial pit growth. As a result, Figure 6 emphasizes that the artifi-
cial pits have grown in a diffusion controlled way.1,3,34,42 Considering
Equation 4, this figure also indicates that the term DC is greater in
the case of the solutions which have higher concentrations of bromide
since the slopes of their corresponding lines are greater. These results
agree with those reported by other researchers.17,34 It must be noted
that each of the lines shown in Figure 6, has been drawn by averaging
15 exclusive 3-step experiments conducted for each solution.

The values of ilim and a can be determined for each salt-free point
by means of 3-step polarization experiments. Thus, the value of DCsat

can be calculated by applying Equation 2. Figure 7 depicts the values
of DCsat for the salt-free points, which their potentials were shown in
Figure 4 as Etran. As seen, the value of DCsat gets greater by increasing
the [Br−]:[Cl−] ratio so that it is the lowest for pure NaCl solution and
the greatest for pure NaBr one. The median values of the term DCsat for
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Figure 6. The average linear relationship between the artificial pit depth, a,
and the square root of time, t0.5, for different combined solutions of NaCl and
NaBr. Reported relationships have been calculated by considering 15 identical
3-step experiments for each individual solution.

the solutions 1, 2, 3, 4, and 5 (as written in the figure) are 4.09 × 10−6,
4.29 × 10−6, 4.76 × 10−6

, 4.8 × 10−6 and 4.97 × 10−6 mol·m−1·s−1,
respectively. The values of the term DCsat will be used to assess the
saturation stability product of the pits.

The values of the term DCcrit have been represented in Figure 8 as
the cumulative distribution function. As can be seen, the value of this
term also increases by increasing the relative concentration of bromide
in the environment. The median values of DCcrit for 0.2 M pure solu-
tions of NaCl and NaBr are 2.86 × 10−6 and 3.64 × 10−6 mol·m−1·s−1,
respectively. It must be noted that the term DCcrit can be calculated
by using Equation 3 for the critical point introduced in Figure 1c. The
required values of the critical diffusion current density, idiff,crit, and the
pit depth, a, for Equation 3 are also determinable in each 3-step polar-
ization experiment. The values of the term DCcrit will be also used for
the determination of the critical stability product needed for the pit to
remain stable.

Figure 7. Cumulative distribution of DCsat, the characteristic of pit chemistry
at the salt-free point, for different combined solutions of NaCl and NaBr.

Figure 8. Cumulative distribution of DCcrit, the characteristic of pit chemistry
at the critical point, for different combined solutions of NaCl and NaBr.

The average values of Csup:Csat ratio for different chloride and bro-
mide bearing solutions have been depicted in Figure 9. These values
were obtained from 15 4-step experiments conducted for each indi-
vidual solution. The reported values are appertained to those artificial
pits created in 4-step experiments and their depths were approximately
comparable (about 390 μm). Upward sweep of the potential in the 4th
step of these tests was started from the average value of Erep,p deter-
mined by 3-step experiments; calculations showed that the level of
saturation at these points, i.e. Ccrit:Csat ratios which were obtained by
dividing the current densities of points 2 per those of points 1, were
70–80%. Based on Figure 9, it can be said that in the case of pure
solutions, the supersaturation ratio is greater for NaCl. Its average
values for 0.2 M solutions of NaCl and NaBr are 1.233 and 1.180, re-
spectively. It means that the salt precipitation in the bromide bearing
environment is easier than that in chloride bearing one. The greatest
value of Csup:Csat ratio, nevertheless, belongs to the solution of 0.1 M
NaCl + 0.1 M NaBr. That is, the most demanding precipitation of the

Figure 9. The average values of Csup:Csat ratio for different combined solu-
tions of NaCl and NaBr. Error bars show the 95% confidence limit calculated
from 15 identical 4-step experiments.
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Figure 10. Cumulative distribution of the values of IR drop within the pit,
ilimRps, for different combined solutions of NaCl and NaBr.

salt belongs to 50-50 combined solutions of NaCl and NaBr. These
values of Csup:Csat ratio will be also used for the determination of the
supersaturation stability product.

Another pit chemistry characteristic, apart from the critical, satura-
tion, and supersaturation concentrations of dissolved metal cations, is
the value of IR drop within the pit. The characteristic was determined
using the results of 3-step pencil electrodes where the reciprocal slope
of the i-E curve could be regarded as the pit solution resistivity, Rps.
Multiplying Rps by the value of corresponding ilim, the value of IR
drop within the pit is obtained in mV. This value represents the pit
solution IR drop at the salt-free point, i.e. point 1 in Figures 1c and
2. The values of the IR drops are represented in Figure 10 as the cu-
mulative distribution. As observed, addition of the bromide into the
solution has increased IR drop of the pit solution. The median values
of the pit solution IR drop for pure solutions of NaCl and NaBr are 200
and 337 mV, respectively. The highest IR drop nonetheless belongs to
0.05 M NaCl + 0.15 M NaBr solution as 387 mV.

Stability products.—With the pit chemistry characteristics (DCcrit,
DCsat and DCsup) being determined by pencil electrode studies, it is
feasible to calculate the crucial values of stability product, i·a, for those
hemispherical pits developing on the alloy surface, in a natural manner.
The metastable pits forming on large electrodes can be assumed as
hemispheres. Equation 5 can be used to calculate the stability product
of hemispherical pits at given values of DC.32 Therefore, using the
values of DCcrit, DCsat, and DCsup, which were determined using 1D
pits (Figures 7, 8, and 9), it would be possible to calculate the values
of stability product for hemispherical pits at the critical, saturation,
and supersaturation concentrations of the dissolved cation. It must be
added that the term DC in Equation 5, as well as in Equations 2, 3 and
4 is actually D�C in which �C is the difference between the dissolved
cations concentration at pit bottom and in the bulk solution. So long as
the cations concentration in the bulk solution is assumed to be small,

the term D�C could be simply considered as DC.1,3,32,36

ia = 3nFDC

2π
[5]

The average values of critical, saturation, and supersaturation stability
products, i·a, of hemispherical pits have been represented in Table I.
Using these values, the threshold after which a hemispherical pit tran-
sitions from metastability to stability can be estimated. The product
i·a for an already stable pit without any salt precipitated at its bottom
is somewhat between the critical and saturation values of i·a. The crit-
ical i·a is the minimum threshold below which an already stable pit
cannot remain stable, anymore. In other words, the pit will be liable
to be repassivated if its stability product gets lower than the critical
threshold. Regarding Table I, it can be understood that this critical
value increases by increasing the relative concentration of bromide in
the environment. Specifically speaking, its value for pure solutions of
NaCl and NaBr is 0.290 and 0.378 A·m−1, respectively. A higher con-
centration of bromide in the solution increases the saturation stability
product, as well. The saturation i·a for 0.2 M solutions of NaCl and
NaBr is 0.415 and 0.505 A·m−1, respectively.

It was also figured out that the value of the supersaturation stability
product for pure NaCl solution is approximately 0.084 A·m−1 lower
than that for the pure NaBr one. The supersaturation is a point at
which the salt precipitates within an actively growing pit. The greatest
value of the supersaturation i·a, nonetheless, goes to the combined
solution of 0.1 M NaCl + 0.1 M NaBr: 0.621 A·m−1 in which the salt
precipitation was found to be the most demanding one.

Figure 11 collates the cumulative distribution of the metastable
pits stability product with the critical, saturation, and supersaturation
ones obtained by the pencil electrode studies. The metastable stabil-
ity products belong to the metastable pits developed at 100 mVSCE

on the surface of the flat electrodes (surface area = 0.071 cm2) and
statistically analyzed in part I of this series.10 As Figure 11 shows,
the metastable stability product was found to decrease by increas-
ing the relative concentration of bromide in the solution. Considering
Figure 11, it is also evident that the difference between the median
values of the metastable stability product and the saturation stability
product gets greater by increasing the relative concentration of bro-
mide in the environment. In other words, the metastable pits growing
in the presence of bromide are further from stability in comparison
with those which grow in bromide-free solutions. This difference for
the pure solutions of NaCl and NaBr is 0.406 and 0.502 A·m−1, re-
spectively.

Morphological examination of pits.—SEM was employed to ex-
amine the pits developed on the surface of 316 SS flat electrodes (sur-
face area = 0.785 cm2) in pure 0.2 M solutions of NaCl and NaBr. The
stable pits have grown for 10 minutes as the potential of 600 mVSCE

was being applied on the electrodes. Two typical single stable pits
developed in 0.2 M solutions of NaCl and NaBr have been depicted
in Figure 12. These two SEM images were taken before ultrasonic
cleaning. Hence, it is possible to compare the lacy cover, more accu-
rately. As the images show, there is no noticeable difference between
the morphology of lacy covers, except that the one formed in NaCl so-
lution is slightly finer and its holes are closer together. Besides, more
number of stable pits could be distinguished on the electrode exposed
to NaCl solution.

After the ultrasonic cleaning of the specimens, the possible differ-
ences in the pit shape can be compared, more effortlessly. Figure 13

Table I. The average values of critical, saturation, and supersaturation stability products (i·a) for different combined solutions of NaCl and NaBr,
obtained from the pencil electrode studies.

Solution 0.20 M NaCl 0.15 M NaCl + 0.05 M NaBr 0.10 M NaCl + 0.10 M NaBr 0.05 M NaCl + 0.15 M NaBr 0.20 M NaBr

Critical i·a (A·m−1) 0.290 0.304 0.338 0.361 0.378
Saturation i·a (A·m−1) 0.415 0.436 0.484 0.496 0.505

Supersaturation i·a (A·m−1) 0.512 0.557 0.621 0.584 0.596
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Figure 11. Comparison of the values of the metastable (hollow points), critical
(vertical dashed line), saturation (vertical dash-dotted line), and supersaturation
(vertical solid line) stability products for different combined solutions of NaCl
and NaBr. The difference between the saturation i·a and the median of the
cumulative distribution of the metastable pits i·a has also been represented in
the figure. Note that the metastable stability products were calculated in part I
of this series.10

depicts two other single pits developed in 0.2 M solutions of NaCl and
NaBr, after the ultrasonic cleaning and lacy cover rupture. As plainly
seen, there is again no striking difference between the pit morphol-
ogy in these two solutions. Additionally, there are some smaller pits
observable at the bottom of the pit developed in NaBr solution.

Figure 14 shows a pit in 0.2 M solution of NaBr, which is at initial
stages of growth. As seen in the figure, there is a particle within the
pit cavity. Energy dispersive spectroscopy (EDS) was used to identify
the particle. EDS spectrum of spot 1 showed peaks of Fe, Cr, Ni,
Mn, and S, while that of spot 2 comprised only Fe, Cr, and Ni, i.e.
the usual composition of SSs. Based on these observations, it can be
presumed that the phase at the bottom of the pit, observable in the
SEM micrograph shown in Figure 14, is MnS inclusion. The regular
edges of the shown pit in 316 SS is an interesting feature which have
been also reported for a same alloy, previously.43 According to Li
et al.,27 crystallographic pit morphology could be expected for those
pits growing without a salt for an extended period of time.

Discussion

Pit morphology.—The lacy cover morphology is thought to vary
by change in the value of Ccrit:Csat ratio for each system. The lower
Ccrit:Csat ratio has been reported to reduce the rim-passivation effect of

Figure 12. SEM image of a single stable pits developed in 0.2 M solutions of
a) NaCl, and b) NaBr, before ultrasonic cleaning. Lacy covers are observable
on the pit mouths.

lacy cover formation and subsequently results in the development of
more open and less covered pits.2,4,36 In fact, if Ccrit:Csat ratio tends to
zero, the rim-passivation could not take place frequently because the
alloy could remain active down to more dilute concentrations. How-
ever, if the ratio tends to 1, there will be a high tendency to repassi-
vation and the rim-passivation occurs repeatedly, resulting in a dense
lacy cover and making the pit more covered. Based on the results
shown in Figures 7 and 8, the average percentage values of Ccrit:Csat

ratio for pure NaCl and NaBr solutions are respectively 69.9% and
74.7%. It suggests that no significant difference is expected between
the lacy cover morphologies of the pits developed in NaCl and NaBr
solutions, since the difference between the values of Ccrit:Csat ratio (=
4.8%) is not substantial for them compared to the values reported in
the literature for other systems.2,4,16 Therefore, the degree of the open-
ness of the pits is comparatively similar in both cases. Comparison
of the lacy covers morphology using SEM (Figure 12) accordingly
confirmed this deduction.

Another point about the pits nucleated in NaBr solutions is the role
of MnS inclusions. There are lots of reports in the literature that MnS
inclusions are the preferential sites for the pit nucleation in chloride
bearing environments.14,44–48 According to Figure 14, the pitting of
316 SS in bromide bearing solutions was also found to be initiated
preferentially from a Mn- and S-rich phase which corresponds to MnS
inclusion.

Why is bromide less aggressive to 316 SS compared to chloride?—
First of all, the reason of the lower aggressivity of bromide is discussed
based upon the notion of the pit transition potential, Etran. Aggressivity
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Figure 13. SEM image of a single stable pits developed in 0.2 M solutions of
a) NaCl, and b) NaBr, after ultrasonic cleaning. Note the difference in size of
the pits. Arrows indicate the smaller pits nucleated at the bottom of the main
pit in 0.2 M NaBr solution.

means the capability of a species to induce pitting; indeed, since Epit

of 316 SS in the bromide bearing solutions is higher compared to the
chloride bearing ones, bromide is regarded less aggressive. For a bet-
ter comprehension, the average values of Etran, Epit, Erep,p, and Erep of
316 SS in NaCl + NaBr solutions have been represented in Figure 15;
Epit and Erep are respectively the pitting and repassivation potentials of
316 SS determined using the flat electrodes (exposed surface area =
0.785 cm2) in part I.10 The figure corroborates the existence of a cor-
relation between Epit and Etran; as Etran rises by increasing the relative
concentration of bromide in the solution, Epit increases too. The cor-
relation was first established by Laycock and Newman11 based on
a notion describes the transition from metastable to stable pitting in
terms of the transition potential between bare and salt-covered growth
states. According to this notion, a salt layer must eventually precipitate
at the bottom of a metastably growing pit after the lacy cover rupture
in order that it survives and becomes stable.11,49 Thus, it can be said
that for a system with higher Etran, stable pitting occurs at more noble
potentials. The correlation between Etran and Epit has been previously
reported in other studies.11–13 The variation of Etran lies in a number
of factors contributing in salt precipitation which are discussed here-
inafter.

DC can be regarded as the first contributing factor in the salt
precipitation which causes Etran to increase with increasing ratio of
[Br−]:[Cl−]. Figure 7 indicated that DCsat gets greater by increas-
ing the relative concentration of bromide in the environment. Based
on Figure 7, DCsat in pure NaBr solution is on average 1.22 times
greater than that in pure NaCl one. It is well-known that the salt within

Figure 14. SEM image of a pit developed in 0.2 M solution of NaBr at its
initial stages of growth. Comparison of the EDS analyses of the spots 1 and
2 showed that the particle existing at the pit bottom is rich in Mn and S.

the pit can be predominantly regarded as iron (II) halides, because
Fe2+ is the major dissolving cation.2,12,17,19,50–52 Solubilities of FeCl2

and FeBr2 in water at 25°C are reported to be 65 and 120 g/100g
H2O, respectively.53,54 Supposing that the volume of the solution is
equal to that of water and considering the molecular weights of FeCl2

and FeBr2 (126.75 and 215.65 g·mol−1),53,54 the solubilities can be
converted to molarity as 5.13 and 5.56 mol·L−1, respectively. There-
fore, assuming D to be almost equal in all studied solutions shown in
Figure 15, the greater DCsat in NaBr solution is attributable to its higher
saturation concentration of cations, Csat, compared to NaCl one. This
assumption is contrary to an earlier study17 which considers Csat to be
equal in LiCl and LiBr solutions and attributes the greater DCsat of
bromide bearing solutions to the greater diffusivity of cations, D, in
it. In spite of this report, D might be even lower in solutions which
bear bromide, due to its greater ionic radius55 which can restrict the
diffusion of cations in solutions with a same Csat. Based on the results

Figure 15. Demonstration of the average values of pit transition potential,
Etran, pencil electrodes’ repassivation potential, Erep,p, pitting potential, Epit,
and flat electrodes’ repassivation potential, Erep, for different combined solu-
tions of NaCl and NaBr. Note that Epit and Erep were determined in part I of this
series.10 Error bars show the 95% confidence limit calculated from 15 identical
4-step experiments.
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shown in Figure 15 and on the foregoing assumption that cations dif-
fusivity is constant in all studied solutions and equals 10−5 cm2·s−1,
Csat values in NaCl and NaBr solutions can be calculated as 4.10 and
5.00 mol·L−1, respectively. Thus, as bromide increases the saturation
concentration of the dissolved cations, the salt precipitation is retarded
and Etran possess more noble values. Furthermore, higher DC in bro-
mide bearing solutions (shown in Figures 6, 7 and 8) is indicative of
higher mass transfer rates in these solutions. Therefore, to overcome
this high mass transfer rate in bromide bearing environments, higher
potentials (higher Etran) are needed for the salt precipitation and estab-
lishment of the diffusion controlled growth.

The second contributing factor which might even have the most
prominent role is the lower rate of the alloy’s salt-free active dissolu-
tion in the presence of bromide. According to part I, the presence of
bromide decelerates the dissolution of 316 SS within the pit not cov-
ered by the salt by hindering the dissolution reactions.10 The slower
the kinetics of the alloy dissolution, the more arduous it is to attain the
saturation concentration within the pit. Indeed, the deceleration of the
alloy dissolution in bromide bearing solutions causes the saturation
concentration, Csat, not to be attained as easy as in pure NaCl one and
finally leads to an increase in Etran.

What is more, the higher values of IR drop in bromide bearing
pit solutions, as shown in Figure 10, can additionally contribute in
increasing Etran. The more IR drop is established within the pit, the
higher potential is needed for the sufficient dissolution of metal cations
required for the pit transition from the activation/ohmic controlled state
to the diffusion controlled one.

Another contributing factor in determining Etran should be the level
of the supersaturation which is temporarily needed for the salt precipi-
tation. This factor seems to be more influential compared to Csat, since
the salt precipitation in a metastably growing pit is more dependent
on the supersaturation rather than on the saturation itself. Csup:Csat

ratio for pure NaCl and NaBr solutions was respectively assessed as
1.23 and 1.18. The values of Csup for these solutions are therefore
5.04 and 5.90 mol·L−1, respectively. It is thus evident that the salt
precipitation in pure NaBr solution requires a lower level of the su-
persaturation compared to pure NaCl solution. Therefore, it can be
said that contrary to the aforementioned factors, the level of supersat-
uration does not assist in the retardation of salt precipitation and the
increment of Etran in bromide bearing solutions. In fact, it favors salt
precipitation. Nonetheless, since Etran for bromide bearing solutions
was lower compared to chloride bearing ones, it is deduced that the
level of supersaturation does not have a dominant role in determining
Etran.

Altogether, ignoring the contribution of the pit lacy cover morphol-
ogy in the determination of the salt precipitation and the transition
potential, it can be said that greater DCsat, higher mass transfer rate,
and lower active dissolution rate of the alloy in the presence of bro-
mide cause Etran to increase by increasing the relative concentration of
bromide in environment. Ignoring the role of the lacy cover seems rea-
sonable due to the lack of any noticeable difference in its morphology
in the studied solutions (Figures 12 and 13). The effect of bromide on
the foregoing factors explains why bromide is less aggressive to 316
SS compared to chloride with respect to the pit transition potential,
Etran. This aside, however, it appears that an intelligible and straight-
forward discussion could be provided based on the recent stabilization
criteria elaborated by Li et al.27

According to Li et al.,27 an open pit is stabilized when the maximum
rate of the metal dissolution at the pit surface, idiss,max, be sufficiently
high so that the critical concentration of the metal’s cations, Ccrit, is
maintained at the surface. Such condition is met once idiss,max exceeds
the critical current density by which metal cations diffuse out of the
pit cavity, idiff,crit. The salt precipitation, as a consequential step in the
pit stabilization, also takes place when idiss,max exceeds the diffusion
limited current density, ilim, which is associated with the maintenance
of the cations’ saturation concentration, Csat, at the pit surface. If tem-
perature, T, and pit depth, a, are given, idiss,max, idiff,crit, and ilim for an
open hemispherical pit can be approximated by Equations 6, 7, and
8, respectively.27 icorr, Ecorr, and βa are respectively corrosion current

Figure 16. How idiss,max, idiff,crit, and ilim, which are the factors contributing
in the pit stabilization criteria according to Li et al.,27 vary versus potential at
a given temperature, T, and pit depth, a. Arrows 1, 2, and 3 indicate the effects
of bromide on these factors.

density, corrosion potential, and anodic Tafel slope in the pit-like so-
lution. Emax is the maximum potential at the pit surface. It should be
noted here that IR drop lowers the term i(diss,max) by consuming part
of the applied potential to overcome the IR drop.

idiss,max = icorr exp

(
Emax − Ecorr

βa

)
[6]

idiff,crit = 3nFDCcrit

2πa
[7]

ilim = 3nFDCsat

2πa
[8]

According to Equation 6 and as shown in Figure 16, at a given T
and a, idiss,max would increase by rising Emax. In part I,10 it was shown
that the effect of bromide is to lower idiss,max; its inhibitory effect on
the dissolution reaction of the alloy caused the dissolution rate of 316
SS to be lower in the bromide bearing pit solution in comparison with
the chloride bearing one. Besides, as observed in the current part of
the work, the pit solution IR drop is higher when the solution bears
bromide (see Figure 10). That is, to reach a given dissolution current
density at the pit surface, a higher potential must be applied in the
presence of bromide due to the establishment of a higher IR drop within
the pit. These two effects of bromide on idiss,max have been shown in
Figure 16, as arrow 1. Note that the potentials at which idiss,max = idiff,crit

and idiss,max = ilim are respectively called as critical potential, Ecrit, and
saturation potential, Esat. It should be noted here that based on Li et
al.,27–29 the notions of Etran and Esat as well as those of Erep,p and Ecrit

should be interrelated according to Etran = Esat + �sol and Erep,p = Ecrit

+ �sol, respectively; where �sol is the ohmic IR drop within the pit
cavity.

Figures 7 and 8 showed that the presence of bromide in the solution
increases both DCsat and DCcrit. Thus, based on Equations 7 and 8, it
can be said that idiff,crit and ilim both increases by increasing the relative
concentration of bromide in the solution. These effects of bromide on
idiff,crit and ilim have been also shown in Figure 16 by arrows 2 and 3,
respectively. Considering Figure 16, it can be finally deduced that the
effects of bromide in the increment of idiff,crit, increment of ilim, and
decrement of idiss,max either by inhibiting the anodic dissolution rate
of the metal or by increasing the pit solution IR drop, are the factors
contributing in the retardation of the pit stabilization in its presence.
Based on the SEM observations shown in Figure 12, the occlusion of
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the pits lacy cover is almost comparable in both solutions. Therefore,
it does not have a determining role in the bromide’s lower aggressivity
to 316 SS. Bearing this observation in mind and according to Li et
al.,27 a same deduction can be made for the covered hemispherical
pits about the effects of bromide on the stabilization criteria.

On the other side, based on Figure 15, it is obvious that increas-
ing the relative concentration of bromide in the environment results
in increase in the values of Erep,p and Erep. On a similar assumption
that cations diffusivity, D, is equal ( = 10−5 cm2·s−1) in all stud-
ied solutions, critical cations concentration required for pit survival,
Ccrit, in pure NaCl and NaBr solutions can be calculated as 2.86 and
3.74 mol·L−1, respectively. Ccrit for combined solutions has also a
value between these two. The higher Ccrit for bromide bearing solu-
tion implies that an already stable pit could lose its stability at higher
concentrations and repassivate more easily. According to Li et al.,27

the higher Ccrit in the presence of bromide can be attributed to the
acceleration of the dissolved cations diffusion outward the pit which
appears as the increment of idiff,crit. The higher Ccrit, the greater mass
transfer rate because of the higher DC values which leads to the faster
dilution of the pit solution, and the slower active dissolution of the
alloy in the presence of bromide, all cause the artificial pits to repassi-
vate sooner and at higher potentials (higher Erep,ps). Considering that
the pit lacy cover is similar in both solutions of NaCl and NaBr, there
must be a correlation between the repassivation potential of the pencil
electrodes, Erep,p, and that of the flat electrodes, Erep. The correlation
is fully presumable in Figure 15 in which both Erep,p and Erep increase
by increasing the ratio of [Br−]:[Cl−].

The transition of the pits from metastability to stability, or in other
words, their stabilization could be also expounded with regard to the
notion of the stability product introduced by Galvele.31,32 According
to Figure 10, it can be perceived that by increasing the relative concen-
tration of bromide in the electrolyte, the metastable pits developing
on 316 SS would be further from the stabilization. By considering
the saturation stability product, i·a, as the threshold of transition from
metastability to stability, it can be deduced from Figure 10 that the
metastable pits developed at 100 mVSCE in pure solutions of NaCl
and NaBr must have grown further 0.406 and 0.502 A·m−1 to become
stable. This is because of two reasons which are exclusively discussed
in the following.

The increment of the threshold of stabilization by increasing the
relative concentration of bromide in the solution, is the first reason. It
must be noted that the saturation stability product has been regarded
as the threshold of stabilization in Figure 10, since it is the least value
at which a salt could precipitate at the pit bottom. Therefore, as the
saturation i·a increases by increasing the relative concentration of bro-
mide, the transition threshold also goes further. The increment of the
transition threshold was also observed that stems from the increment
of the saturation concentration required for salt precipitation in bro-
mide bearing solutions, which causes Etran to be greater (Figures 4 and
7), too.

The second reason is, however, the reduction in the metastable pits
stability product by increasing the value of [Br−]:[Cl−] ratio. As seen
in Figure 10, the stability product of the metastable pits varied for
different NaCl + NaBr solutions. Indeed, the higher concentration
of bromide in the solution caused the metastable stability products to
decline. This decline was found to be due to the hindrance of alloy dis-
solution reactions in bromide bearing solutions. The hindrance of the
alloy dissolution reactions was well discussed in part I10 and appeared
as the decrement of the active salt-free dissolution rate of the alloy in
the presence of bromide and also as the deceleration of metastable pit
growth (reduction in the value of exponent in I ∼ tn / a ∼ tn behaviors
of metastably growing pits).

Growth rate of stable pits.—Last but not least, metastable pitting
investigations in the previous part10 revealed that the growth rate of
metastably growing pits is slower in the presence of bromide. It was
observed that bromide hinders the alloy dissolution kinetics in the
salt-free state and hence reduces the growth kinetics of the metastable
pits.10 However, salt-covered stable pits were observed to be growing

more rapidly in the solutions which bear bromide. As typically shown
in Figure 3, diffusion-limited current density, ilim, in pure NaCl solu-
tion is lower than that in NaBr one. The average value of the limiting
current densities obtained by 15 3-step experiments in NaCl and NaBr
solutions are respectively 0.249 and 0.288 A·cm−2. Since the limit-
ing current density, ilim, is indicative of the rate of alloy dissolution
under the diffusion controlled condition established during the stable
growth of the pits, it can be deduced that the growth rate of a salt-
covered stable pit is faster in the bromide bearing environments. It
must be emphasised that the higher value of ilim in NaBr solution actu-
ally lies in the higher DC values in that solution which creates greater
concentration gradient across the pit. The higher rate of the stable pit
growth in bromide bearing solutions could cause their corresponding
pit depth to be larger after equal periods of growth.

Conclusions

The morphology, chemistry, and stabilization of the pits developed
on 316 austenitic SS in NaCl and NaBr solution were investigated in
this study. Results could be summarised as follows:

1. Due to the low difference in Ccrit:Csat ratio (less than 5%), the
morphology and occlusion of the lacy pit covers are comparable
for both solutions of NaCl and NaBr. Besides, akin to the case
of NaCl solutions, MnS inclusion is a preferential site for the pit
nucleation in NaBr ones.

2. Sensible correlation was found between the pit transition poten-
tial, Etran, and the pitting potential, Epit, for 316 austenitic stainless
steel. Akin to Epit, Etran also gets greater by increasing the relative
concentration of bromide in the environment. The increment of
Etran is thought to stem from the increments of the saturation con-
centration, Csat, required for salt precipitation, of the mass transfer
rate out of a growing pit, of the pit solution IR drop, and also the
reduction in the rate of the alloy active salt-free dissolution.

3. The variations of the repassivation potentials of the pencil elec-
trodes, Erep,p, and those of the flat ones, Erep, by increasing the
relative concentration of bromide in the solution follow a similar
pattern. The higher values of the dissolved cations’ critical con-
centration, Ccrit, is a factor which causes Erep,p to be higher in the
bromide bearing solutions. Moreover, the higher mass transfer
rate of the cations out of the pit and the lower rate of the alloy
active dissolution are also two other factors which impel the pits
to repassivate at higher potentials.

4. The stabilization of 316 SS pitting corrosion was discussed ac-
cording to a recently proposed stability criteria which consider
the dissolution and diffusion current densities associated with the
pitting. Based on these criteria, the effects of bromide in incre-
ment of idiff,crit, increment of ilim, and decrement of idiss,max either
by inhibiting the anodic dissolution rate of the metal or by in-
creasing the pit solution IR drop, contribute in the retardation of
the pit stabilization in its presence.

5. It was figured out that bromide increases the values of the criti-
cal, saturation, and supersaturation stability products and reduces
those of the metastable pits by hindering the alloy’s dissolution
rate. Thus, regarding the saturation stability product as the pit-
ting stabilization threshold, it can be said that bromide causes the
metastable pits to be further from the stabilization.

6. Despite the lower growth rate of the metastable pits in the presence
of bromide, the stable growth rate of the salt-covered pits would
be higher in bromide bearing solutions. The reason is the higher
concentration gradients establishing in the pits of same size, which
result in the higher limiting current densities during the diffusion
controlled growth.
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