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Immersion exposures of 304 stainless steel ground to a #4 finish were conducted in brines representative of the chemistry of sea salt
aerosols at low (40%) and high (76%) relative humidity (RH). Low-RH-equivalent brines resulted in cross-hatched pits, whereas high-RH-
equivalent brines produced ellipsoidal, faceted pits. Distinct surface microcracking was observed to be associated only with cross-hatched
pits and appeared to correlate with a high concentration of dissolved carbonate species in low-RH-equivalent solutions while being absent in
the high-RH-equivalent brines. Correlating these results to brine composition suggested that the concentrations of MgCl2 and dissolved
carbonate species in the brines could, in the presence of machining-induced surface microstructure and residual stress, determine pit
morphology in marine atmospheres, thereby potentially impacting stress corrosion cracking susceptibility and lifetime prediction.
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INTRODUCTION

Relative humidity (RH) plays a primary role in the kinetics of
atmospheric corrosion and environmentally assisted cracking

(EAC) and has been extensively reported to affect corrosion
damage morphology, although this relationship has not been
particularly well defined.1-21 Developing accurate lifetime pre-
diction models for structural integrity analyses based on corrosion
damage necessitates understanding this relationship better.20-21

Recent work has shown that disparate pit morphologies can
result from exposing ground 304 stainless steel (SS) (UNS
S30400(1)) contaminated with sea salt to either high or low
RH.18-19 Specifically, when exposed to 40% RH, pits with cross-
hatched bases as well as considerable surface microcracking
emanating from these pits were the dominant morphology.18-19

On the other hand, exposure to 76% RH caused ellipsoidal,
faceted pits to form without any microcracking.18-19 These diver-
gent morphologies were consistently reproduced at short (1 to 4
weeks) as well as long (26 to 104 weeks) exposure times.19 Further,
when the alloy was fully immersed in evaporated sea salt solu-
tions equilibrated to 40% RH and 76% RH, these same morphology
differences were reproduced.18 Examples of these morphology
types are shown in the scanning electron microscopy (SEM) top-
view images of postexposure 304 SS surfaces in Figure 1.

These disparities were attributed to the differences in
seawater brine chemistry and the consequent physicochemical
properties that affect cathodic reaction kinetics and pit sta-
bility conditions.18-19,22-28 Sea salt brine at 76% RH is NaCl-rich,
and in such solutions, the oxygen reduction reaction (ORR) has
been reported to be the dominant cathodic reaction.23,27,29

Conversely, in MgCl2-saturated brines representative of

seawater at 40% RH, it has been argued that the dominant
cathodic reaction may be the hydrogen evolution reaction
(HER), which is promoted by precipitation of magnesium
hydroxychloride and carbonate species.26,29 It was hypothe-
sized that these inherent differences in cathodic kinetics arising
from chemical dissimilarities may be responsible for polarizing
the pit to considerably different dissolution conditions when SS is
exposed to different RH levels and may explain the observed
morphology differences.18,30-31 Although it is clear that MgCl2
concentration is a controlling factor in the humidity depen-
dence of pitting phenomena, evidence supporting the proposed
mechanism is lacking. Furthermore, the relative contribution of
other seawater brine components, such as carbonate species, to
the observed humidity-dependent pitting is unknown.

In this present study, we systematically explore the im-
pact of seawater brine chemistry on pitting morphology. Through
a series of immersion exposures of ground 304 SS coupons in
a range of seawater brine chemistry analogues, we show that the
elevated concentrations of carbonate species characteristic
of seawater brines at low humidity promote microcracking in
association with pitting. Probable mechanisms that may be
responsible for this association are hypothesized, and a brief
commentary on the impact these results may have on stress
corrosion cracking (SCC) and lifetime prediction is provided.

EXPERIMENTAL PROCEDURES

2.1 | Materials
The composition of 304 SS used in this study was shown

in Table 1. Fe, Cr, Ni, Mn, Mo, and Cu values were obtained from
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inductively coupled plasma optical emission spectroscopy
(ICP-OES). C, N, and S values were determined via instrumental
gas analysis (IGA). P and Si values were measured using glow
discharge mass spectroscopy (GDMS). Measurement uncer-
tainties are 3% to 5% of the true value for ICP-OES, 5% to 10%
for IGA, and 10% for GDMS. The alloy was originally processed
as a 1.5-mm thick sheet that had undergone solution heat
treatment and annealing at 1,038°C followed by water quenching.
The surface was ground using an abrasive belt to a standard
#4 finish (≈60 to 120 grit). Specimens were laser-cut from this
sheet to dimensions of 25 mm× 51 mm. The average surface
roughness (Ra) as measured by a GTK1 optical profilometer
(Veeco Instruments, Inc.†, Plainview, NY) had a mean value
of 2.7±0.4 μm.

2.2 | Thermodynamic Simulation of Electrolyte
Chemistry

Individual ionic concentrations for the various solutions in
this study as listed in Tables 2 and 3 were computed using

the thermodynamic solubility and speciation modeling pro-
gram EQ3/6†.32 This program utilizes the Yucca Mountain
thermodynamic database33 and Pitzer parametrization34 for
concentrated salt solutions and has been validated for use in
similarly concentrated salt solutions.18,27,29 The concentration
of all total dissolved carbonate species was estimated as total
dissolved inorganic carbon (DIC). The contribution to DIC from
atmospheric CO2 for all of the solutions was calculated assuming
a fugacity value for atmospheric CO2 (fCO2

) of log (fCO2
) = −3.4 in

equilibrium with the solution. To simulate solutions saturated with
a carbonate species (i.e., the 5.22 M NaCl and 4.47 M MgCl2
solutions to which MgCO3 was added during preparation), excess
MgCO3 was added to the solution until an Mg-carbonate phase
precipitated, then equilibrium concentrations of all carbonate-
bearing species were summed—for NaCl solutions, these
species were only HCO3

−
(aq) and CO2(g) but for the MgCl2-rich

solutions, the dominant aqueous species Mg-carbonate ion
pairs (e.g., MgHCO3

+
(aq)) were also included in the determination of

DIC. Seawater solutions at various RH values were determined
by using EQ3/6 to simulate the evaporation of ASTM D1141
standard seawater.35 This computation involved removing
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FIGURE 1. SEM top-view images showing differences in pit morphology observed on SS exposed to sea salt brines equilibrated to 76% RH and
40% RH at 35°C.18-19 Atmospheric exposures for 4 weeks at (a) 40% RH and (b) 76% RH, and full immersion exposures for 47 d in bulk solutions
representative of those formed by sea salt deliquescence at (a) 40% RH and (b) 76% RH. In (a), white arrows indicate cross-hatching, black
arrows indicate microcracks, and white arrows with a black border indicate smaller fissures.

Table 1. Composition of 304 SS Used in This Study (All Values in wt%).

Fe Cr Ni C Mn P S Mo Si N Cu

72.3±3.6 18.6
±0.93

8.22
±0.41

0.05±5 ×
10−3

0.81
±0.041

0.054±5 ×
10−3

0.0021±2 ×
10−4

<0.05±2.5 ×
10−3

0.67
±0.07

0.058±6 ×
10−3

0.04±2 ×
10−3

† Trade name.
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water from the ASTM standard seawater composition while
maintaining equilibrium with atmospheric gases (O2 and
CO2). For the 40% RH-equivalent brine without MgCO3, the
amount of MgCO3 used to prepare the 40% RH-equivalent
brine was removed, and all other salts representing the 40% RH-
equivalent brine were mixed and equilibrated. Note that
Tables 2 and 3 report the predicted DIC concentration at

saturation; actual values in solution may be lower, particularly
for the solutions to which excess MgCO3 was added, as the
complete dissolution was not achieved.

2.3 | Immersion Exposures
The coupons were immersed in a range of chloride salt

solutions simulating various characteristics of brines formed

Table 2. NaCl-Rich Brines Examined in this Study—pH and [Cl−] Values Listed Were Calculated Using the EQ3/6 Software(A)

Solution pH Cl− (M)
DIC (M)
(predicted) DIC (M) (measured) Relevance to Sea Salt Brine

76% RH sea salt brine 7.61 5.009 5.73 × 10−3 7.50 × 10−3 ± 8.6 × 10−5 76% RH-equivalent brine, DIC levels as
actual deliquesced sea salt electrolyte
attained by adding NaHCO3 during
preparation.

5.22 M NaCl 5.187 5.22 5.09 × 10−6 6.77 × 10−6 ± 4 × 10−7 Saturated NaCl (76% RH is near-saturated in
NaCl)—commonly used surrogate for 76%
RH, DIC contribution only from atmospheric
CO2 uptake.

5.22 M NaCl + MgCO3

added during
preparation

8.61 5.22 7.29 × 10−3 9.96 × 10−3 ± 1.4 × 10−5 Concentration of NaCl in 76% RH-equivalent
brine, excess MgCO3 added and insoluble
solids filtered to obtain similar DIC levels as
40% RH.

(A) DIC refers to total dissolved inorganic carbon—the estimate of total dissolved carbonate species—these values were both calculated with
EQ3/6 as well as measured from the solutions used in the immersion exposures.

Table 3. MgCl2-Rich Brines Examined in this Study—pH and [Cl−] Values Listed Were Calculated Using the EQ3/6 Software(A)

Solution pH Cl− (M)
DIC (M)
(predicted) DIC (M) (measured) Relevance to Sea Salt Brine

40% RH sea salt
brine

6.85 9.003 9.79 × 10−2 6.72 × 10−3 ± 1.8 × 10−4 40% RH-equivalent brine, DIC levels as actual
deliquesced sea salt electrolyte attained by
adding excess MgCO3 during preparation and
filtering insoluble solids before use.

40% RH sea salt
brine prepared
without MgCO3

addition

3.39 9.003 2.82 × 10−5 1.22 × 10−5 ± 5 × 10−8 40% RH-equivalent brine with DIC contribution
only from atmospheric CO2 uptake.

0.566 M MgCl2 5.42 1.132 1.37 × 10−5 1.31 × 10−5 ± 7.1 × 10−7 Concentration of MgCl2 in 76% RH-equivalent
brine.

2.61 M MgCl2 4.90 5.22 1.60 × 10−5 1.78 × 10−5 ± 1.2 × 10−6 Concentration of MgCl2 that provides same
total [Cl−] present in 76% RH-equivalent brine,
DIC contribution only from atmospheric CO2

uptake.

4.47 M MgCl2 3.51 8.94 3.08 × 10−5 3.29 × 10−5 ± 2 × 10−6 Saturated MgCl2 (40% RH-equivalent brine is
near-saturated in MgCl2)— commonly used
surrogate for 40% RH, DIC contribution only
from atmospheric CO2 uptake.

2.61 M MgCl2 +
MgCO3 added
during preparation

7.47 5.22 1.05 × 10−2 1.10 × 10−2 ± 1.8 × 10−4 Concentration of MgCl2 that provides same
total [Cl−] present in 76% RH-equivalent brine,
excess MgCO3 added and insoluble solids
filtered to obtain similar DIC levels as 40% RH.

4.47 M MgCl2 +
MgCO3 added
during preparation

7.07 8.94 4.55 × 10−2 1.31 × 10−2 ± 3.1 × 10−4 Saturated MgCl2, excess MgCO3 added and
insoluble solids filtered to obtain similar DIC
levels as 40% RH.

(A) DIC refers to total dissolved inorganic carbon—the estimate of total dissolved carbonate species—these values were both calculated with
EQ3/6 as well as measured from the solutions used in the immersion exposures.
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from sea salt deliquescence at 40% RH and 76% RH and 35°C.
Note that based on the brine, exposure duration for the standard
immersion test varied from 1 week to 7 weeks. This variation in
exposure duration reflected the different times to pit initiation
(incubation time) for the different solutions. Higher chloride
concentration is associated with rapid initiation and vice
versa.36-37 Consequently, the lowest chloride concentration in
this study (1.132 M for the 0.566 MMgCl2) had a longer exposure
duration time (7 weeks) than the highest chloride concentra-
tion (8.94 M for the saturated MgCl2, 1 week) to allow for
maximizing the probability of pit initiation and growth. These
solutions and the rationale for their use were given in Tables 2
and 3. The salts that comprise the evaporated sea salt brines
at 40% RH and 76% RH as well as the method of brine prepa-
ration were provided in the Supplemental Material (Tables S1
and S2). In addition to their chloride-only counterparts, solutions
of 2.61 MMgCl2, 4.47 MMgCl2, and 5.22 M NaCl saturated with
MgCO3 were also prepared so that similar concentrations of DIC
as in the 40% RH-equivalent brine could be attained. This
aspect permitted the study of any specific effects of DIC on pit
morphology. The mass of MgCO3 added to these solutions
was the same as was added while preparing the complete 40%
RH-equivalent brine. Tables S1 and S2 in the Supplemental
Material provide details on the preparation and the compositional
breakdown of the RH-equivalent brines. A considerable por-
tion of the MgCO3 remained insoluble in these solutions and
was filtered out, and the filtrates were then used for immersion
exposure. DIC values in all of these solutions were measured
experimentally (as detailed in the Supplemental Material) and
compared with the values predicted by the EQ3/6 software.
These measurements were recorded in Tables 2 and 3 against
the respective solutions. For solutions that contain very dilute
concentrations of DIC, the measurement generally overesti-
mated the calculated value, although it was typically on the same
order of magnitude. Note that for those in which MgCO3 was
added to achieve saturation and then filtered to remove pre-
cipitates, the model-predicted values may overestimate the
actual DIC. A lower measured value of DIC in such solutions could
be a result of repeated filtration before use that may have
removed incipient precipitates. As observed from both the
predicted and the measured values, DIC concentrations of
the solutions to which MgCO3 was added during preparation
were ≈400× to 1,500× the values of their counterparts with
no MgCO3 addition.

All immersion tests were performed in beakers containing
at least 75 mL to 80 mL of solution which were sealed with
Parafilm M®† to prevent evaporation of the solution. A head-
space volume of at least 50 mL was ensured above the solution
to prevent effects due to changes in the concentration of
atmospheric gases in equilibrium with the electrolyte. The
beakers were placed in a water bath maintained at 35±0.1°C.
Coupons were cleaned in sequence with deionized water,
ethanol, and acetone, with intermediate steps of air-drying.
The cleaned coupons were then given a final rinse in deionized
water and air-dried. After these procedures, the coupons were
completely submerged in the solution, resting either at an incline
against the beaker wall or flat on the floor of the beaker.

2.4 | Scanning Electron Microscopy
Postexposure, coupons were removed from the solution,

rinsed in deionized water, and ultrasonically cleaned in
10 vol% HNO3 acid solution (5 min to 10min), with intermediate
brushing with a Nylon bristle brush. Following acid cleaning,
the coupons were rinsed in deionized water and air-dried

before imaging. As these were full immersion exposures, salt
crusting was minimal if at all present; as such, acid cleaning
and brushing were occasionally not required. In these occasional
cases, coupons were rinsed sequentially with deionized water
and ethanol and were air-dried before being transferred to
imaging. SEM images of these coupons showed that pits were
not obscured by salt deposits and, therefore, were not affected
by the altered cleaning procedure. In our previously reported
work,18 the acid cleaning procedure itself was not seen to affect
the corrosion morphology resulting from exposure.

Images of the coupon surfaces that were upward facing
during immersion were captured using either a ZEISS GeminiSEM
500 Variable Pressure FEG† (Carl Zeiss Microscopy, LLC, White
Plains, NY) or an FEI Apreo FEG† (FEI Company, Hillsboro, OR) SEM.
The GeminiSEM† was used to image the samples exposed to
76% RH-equivalent brine, 5.22 M NaCl, and 2.61 M MgCl2, while all
of the other samples were imaged using the Apreo†. Imaging in
the GeminiSEMwas performed at an accelerating voltage of 10 kV
and an aperture size of 60 μm with a high current enabled. For
the Apreo, an accelerating voltage of either 10 kV or 20 kV and an
operating current of 1.6 nA were used. Images were captured
using the in-column detector operating in the backscattered
electron mode (T1), at a resolution of 1,024 pixels × 768 pixels
for the GeminiSEM and 1,536 pixels × 1,024 pixels for the Apreo.

2.5 | Pit Detection and Categorization
Each coupon was scanned around the edges and through

the middle at a horizontal field width of 500 μm to detect pits.
As an example, images of pit detection in this field of view as
well as an overview of the various pit morphologies encountered
in the 1-week 40% RH-equivalent brine exposure were pro-
vided in the Supplemental Material (Figure S1[a]). Following
detection, a minimum of eight pits were selected to be imaged
in greater detail. These pits were selected to be qualitatively
typical of the observed morphology of all the pits detected.
Infrequently, multiple tiny (≲1 μm to 2 μm), circular pits
were observed on the coupon during scanning (shown in the
Supplemental Material in Figure S1[b]). These pits were etch pits
generated by the acid cleaning procedure. These pits were
typically much smaller (up to 2 orders of magnitude) than the pits
that resulted from exposure to the test solutions. These etch
pits did not appear to affect the morphology of the pits resulting
from exposure to the test solutions and therefore were not
included in sampling and subsequent detailed imaging. In cases
where fewer than eight pits were detected, all of the pits were
imaged. The observed pit morphology was considered dominant
if it was displayed by >80% of the pits sampled. The number of
pits detected and classified for each exposure is recorded in the
Supplemental Material (Table S3). Microcracking present in the
vicinity of any pit was noted.

RESULTS

Ellipsoidal pits with faceted bases were observed on
samples exposed to solutions where the predominant constit-
uent was NaCl, i.e., the 76% RH-equivalent brine (Figure 2[a])
and 5.22 M NaCl (Figure 2[b]), resembling the morphology
observed in 76% RH atmospheric exposures.18-19

Figure 3 displays the pits observed on samples exposed
to the 40% RH-equivalent brine, which are similar to results
previously reported for 40% RH atmospheric exposures.18-19

The morphology of pits exposed for 24 h (Figure 3[a]) and 1 week
(Figure 3[b]) showed cross-hatching and distinct surface
microcracking. The microcracks were observed typically along
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the pit periphery and occasionally in the pit vicinity. Smaller
fissures were also observed localized to the pit periphery.
These features are however much shorter in length than the
microcracks and show no branching or appreciable extension past
the pit boundary. Figure 3(a) shows an example of microcracking
and the smaller fissures to illustrate the difference. Results from
2-week exposures (Figure 3[c]) appear to lack distinct micro-
cracking. Given this observation, it is natural to consider whether
microcracks may have been consumed due to pit growth over
time. This specific aspect is discussed later in this section.

Exposure to MgCl2-rich solutions resulted in two clearly
different morphological types depending on the electrolyte
concentration, as shown in Figure 4. The pits that developed
on samples exposed at the lower MgCl2 concentrations,
i.e., 0.566 MMgCl2 (Figure 4[a]) and 2.61 M MgCl2 (Figure 4[b]),
were similar to those observed in the NaCl-rich solutions
(Figure 2). These pits were ellipsoidal and appeared to have
faceted bases. In contrast, the pits observed on samples
exposed to 4.47 M (saturated) MgCl2 (Figure 4[c]) were similar
to the 40% RH exposures (Figure 3[b]) in that they displayed
visible cross-hatching. However, there were no clear surface
microcracks distinctly visible around the pit periphery for the
4.47 M MgCl2 results, notably different from the microcracks
clearly seen for the 40% RH-equivalent brine results. Smaller
fissure features were present on the pit perimeter, but these
features were not widespread and when found on the rare

occasion, did not appear to be as clearly sharp and crack-like
such as those that appeared on the samples exposed to
the 40% RH-equivalent brine. As such, these rare occurrences
could not be classified unambiguously as microcracks.
Figure 4(c) shows an example of such fissures.

To assess whether microcracks occur in the 4.47 MMgCl2
solution during the initial hours of growth but get consumed by the

10 �m

10 �m

(a)

(b)
FIGURE 2. Pit morphology observed on samples exposed to NaCl-rich
brines: (a) 76% RH-equivalent sea salt brine for 2 weeks and (b)
saturated (5.22 M) NaCl solution after 1 week.

40 �m

50 �m

50 �m

Fissure

Microcrack

(a)

(b)

(c)

FIGURE 3. Pit morphology observed on samples exposed to 40% RH-
equivalent sea salt brine for (a) 24 h, (b) 1 week, and (c) 2 weeks. In (a)
examples of features classified as microcracks and fissures are
shown. However, note that as in (c), some crack-like features may
be indicative of microcracks that have been/are being consumed by
pit growth. Whether such features aremicrocracks or smaller fissures,
which may or may not be distinctly different from microcracking, may
be difficult to conclusively ascertain.
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growing pit through the remainder of the exposure, immersion
exposures of ≈24 h performed in both 4.47 M MgCl2 (Figure 5[a])
and the 40% RH-equivalent brine (Figure 5[b]). Note that the
80% threshold for dominant morphology was not applied in the
case of the 4.47 M MgCl2 results because only a plurality of pits
showed cross-hatching (3 out of 6) with 1 ellipsoidal pit and 2 of
indeterminate morphology (Table S3). This rare case of a lack of
an outright majority of pits with one distinct morphology may have
been due to the short-exposure duration. Despite this limitation,
the main point remained that in both cases, although

cross-hatching was observed, microcracking was seen
only in the samples exposed to the 40% RH-equivalent brine
(Figure 5[b]). This result suggested that the occurrence of
discernible microcracks in these solutions may be determined by
chemical species other than MgCl2. Note that in the case of the
4.47 M MgCl2 exposures, one pit with an ellipsoidal geometry
(Figure 5[c]) was observed, but such pits were not encountered
on longer exposures in the same solution in this study (Table S3),
suggesting that they may be related to the very initial stages of
pitting.

Figure 6 shows the results of the exposure tests targeted
toward understanding the role of dissolved carbonate species
in saturated/near-saturated MgCl2 solutions. Surface micro-
cracks were clearly visible in the samples exposed to solutions to

30 �m

10 �m

100 �m

(a)

(b)

(c)

FIGURE 4. Pit morphology observed in samples exposed to solutions
containing only MgCl2 at different concentrations. (a) 0.566 M MgCl2
for 7 weeks, (b) 2.61 M MgCl2 for 2 weeks, and (c) 4.47 M MgCl2 for 2
weeks. White arrows indicate cross-hatching and white arrows with a
black border indicate smaller fissures.

50 �m

50 �m

40 �m

(a)

(b)

(c)

FIGURE 5. Comparison of pit morphology observed on samples after
very short-exposure times in (a) 4.47 M MgCl2 (25 h) and (b) 40% RH-
equivalent sea salt brine (24 h). (c) The ellipsoidal pits observed in the
4.47 M MgCl2 exposure are shown. White arrows indicate cross-
hatching and black arrows indicate microcracks.
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which MgCO3 had been added during preparation (Figures 6
[b], [d], and [e]), whereas microcracks could not be distinctly
detected in either 4.47 M MgCl2 or a 40% RH-equivalent brine
prepared without MgCO3 (Figures 6[a] and [c], see Table S2 in the
Supplemental Material for the details of the mass of MgCO3

added). Note that the only source for total dissolved carbonate
species (DIC) concentration in the 40% RH-equivalent brine
prepared without MgCO3, would be atmospheric CO2 (Table 3).
As seen from Table 3, this predicted value from atmospheric
CO2 is calculated to be much less than that present in the
saturated/near-saturated MgCl2 solutions to which MgCO3

was added during preparation. Note that smaller fissures like
those observed in Figure 4(c) were also detected occasionally
around the pits that formed in the 40% RH-equivalent brine
prepared without MgCO3, but no clear, definitive micro-
cracking was observed (Figure 6[c]). In the 4.47 M MgCl2 solution
prepared with added MgCO3, apart from microcracks

emanating from the edges of pits, possible microcracking was
also observed near, but not connected at the surface to, pits in
this solution (Figure 6[e]). This observation contrasts with the
results from the carbonate-deficient solutions which do not
display any such features. Additional figures attesting to these
differences in morphology between the carbonate-rich
and the carbonate-deficient solutions are provided in the
Supplemental Material (Figure S2).

Figure 7 shows the results of 1-week exposures in a
solution of 5.22 M NaCl to which MgCO3 had been added during
preparation. This test was conducted to determine whether
the increased DIC resulting from the addition of MgCO3 may
facilitate microcracking independent of any morphological
effects that occur in the highly concentrated MgCl2 brines. This
solution contained 5.22 M NaCl—the NaCl concentration
present in a 76% RH-equivalent brine—with the same mass of
MgCO3 added while preparing the 40% RH-equivalent brine

50 �m

50 �m

50 �m50 �m

50 �m

(a) (b)

(c)

(e)

(d)

FIGURE 6. Effect of dissolved carbonate species on pit morphology. 1-week exposures in (a) 4.47 M MgCl2, (b) 4.47 M MgCl2 + MgCO3 added,
(c) 40% RH-equivalent sea salt brine prepared without MgCO3 addition, and (d) complete 40% RH-equivalent sea salt brine. (e) Microcracks
observed in the vicinity of pits in the 4.47 M MgCl2 prepared with added MgCO3 are marked out separately for clarity. White arrows indicate
cross-hatching, black arrows indicate microcracks, and white arrows with a black border indicate smaller fissures.
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(see Table S2 in the Supplemental Material for details of the mass
of MgCO3 added). As with all of the solutions in this study
prepared with the addition of MgCO3, the solution was filtered
to remove precipitates before use. No evidence of cross-
hatching or microcracking was observed on the samples after
exposure. Pit morphology was not particularly comparable
either to the faceted ellipsoids resulting from the other NaCl-rich
but neither were signs of cross-hatching like the results from
highly concentrated MgCl2 brines seen. Interestingly, it appeared
that elevated DIC concentrations may have had an impact on
pit initiation, considering that the total number of pits detected
following this exposure was only one-eighth of that detected
following exposure to carbonate-deficient 5.22 M NaCl
(Table S2).

Figure 8 displays the pit morphology obtained on samples
exposed for 1 week in 2.61 M MgCl2 to which MgCO3 was added
in excess during preparation so that a DIC concentration
similar to the 40% RH-equivalent brine would be attained. This
substudy was targeted at observing whether cross-hatched
pitting and microcracking could result in an MgCl2 concentration
between that in 76% RH-equivalent brine and near-saturation,
given sufficient DIC were also present. As the results in Figure 8
show, the dominant pit morphology was ellipsoidal and fac-
eted, with particularly large pits generated. In addition, smaller
pits were also observed, and these were also ellipsoidal and
faceted (Figure 8[f]), like those obtained in the 2.61 M MgCl2
solution to which MgCO3 was not added during preparation
(Figure 4[b]). Neither cross-hatching nor microcracking was
observed in these exposures.

DISCUSSION

The results of this study indicate that the concentrations of
MgCl2 and dissolved carbonate species are key factors affecting
the dominant pit morphology and occurrence of microcracking
in sea salt brines. Typically, solutions containing NaCl as the
dominant constituent or concentrations of MgCl2 < 4.47 M
resulted in ellipsoidal, faceted pits. Solutions saturated or near-
saturated in MgCl2 produced pits with cross-hatching. Surface

microcracking was observed only in pits that grew in solutions
containing both saturated/near-saturated MgCl2 concentrations
as well as high concentrations of DIC. Absent high DIC concen-
tration, saturated/near-saturated MgCl2-rich solutions concen-
trations did not result in distinct microcracks and primarily showed
only cross-hatching. These results are discussed in greater
detail in this section with a view to assigning possible electro-
chemical factors that may be responsible for their occurrence.

4.1 | MgCl2 and Cross-Hatched Pit Morphology
MgCl2 concentration appears to be one of the critical

determinants of whether cross-hatched pits are generated
because this morphology is observed only in solutions that
contain the salt at saturated/near-saturated concentrations. Note
that a higher chloride concentration has been observed to
facilitate pitting in general in these solutions,18 but the specific
cross-hatched morphology may develop due to a variety of
electrochemical factors which are discussed below. It is impor-
tant to mention here that the cross-hatched morphology is
observed specifically in the case of a standard #4 finish; on
previous exposures of mirror-finished surfaces of the same
material under similar conditions, evidence of corrosion was not
observed.18 The coarse-ground samples displayed a sub-
surface cross-hatched microstructure indicating deformation
due to grinding-induced slip38-39 which extends about 8 μm
into the surface and may have served as an initial template for
selective dissolution when polarized close to the repassivation
potential (Erp),

18-19 analogous to how etch tunnels develop
in aluminum pitting.40 To that end, these electrochemical
factors, while important, may not solely determine morphology,
which may necessarily require the additional presence of
machining-associated subsurface deformation.

The hypothesis that cross-hatching develops because of
selective dissolution of deformation slip bands following the
polarization of the pit to potentials only slightly higher than Erp
requires examination of the different factors that affect the
cathodic current available for pit polarization in the exposure
solution.26-27 Cathodic kinetics, and consequently current
supply, has been shown to be dependent on various physi-
cochemical properties, of which O2 solubility and diffusivity,
conductivity, and solution pH may play key roles.26 We ex-
amine briefly here how the differences in these properties be-
tween high- and low-RH-equivalent brines relevant to this
study could result in differences in cathodic current supply.

We utilized the calculations in our prior work18 to de-
termine the O2 solubility in the 40% RH-equivalent brine to be two
times lower than that in the 76% RH-equivalent brine. The
diffusion coefficient (D) of O2 was five times lower in the 40%
RH-equivalent brine. These lower values would result in the
effects of ORR diffusion kinetics (∝ D·C) being less prominent in
the lower-RH-equivalent brine, assuming that the boundary
layer associated with such mass transport is similar for the two
brines.23,26,29 Furthermore, ORR kinetics have been reported
to be suppressed as well as HER kinetics enhanced in concen-
trated MgCl2 brines.26,29 HER enhancement due to a lower
pH41 has been discussed by Katona, et al.,29 who argue that
precipitation of Mg-species may limit the pH rise at cathodic
sites on 304 SS in concentrated MgCl2 brines, which in turn would
suppress ORR. (This argument of HER enhancement due to
species precipitation is discussed further in the context of
dissolved carbonate species in the Dissolved Carbonate
Species and Microcracking section.) Suppressing ORR in this
context leads to a lower overall cathodic current supply. This
decrease in available cathodic current is exacerbated by the
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10 �m

FIGURE 7. Pit morphology resulting from 1-week exposure to 5.22 M
NaCl prepared with added MgCO3.
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FIGURE 8. Pit morphology resulting from exposures to 2.61 M MgCl2 prepared with added MgCO3. (a) through (c) are results from 1-week
exposures while (d) through (f) are from 2-week exposures.
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conductivity differences between the two brines: the con-
ductivity of the 40% RH-equivalent brine has been reported to be
about half the value of the 76% RH-equivalent brine, which
would contribute to higher ohmic resistance in solution, thus
lowering the cathodic current supply further.24,30

The net effect of these factors on cathodic kinetics would
be to result in lower total cathodic current available42 in the brine
containing high MgCl2 concentration, as summarized in a
flowchart in our previous work.18 Pitting in such cases would be
stabilized at potentials insufficiently high for ellipsoidal, fac-
eted morphology.40 Instead, these pits polarized only slightly
higher than Erp would result in selective dissolution,40 should
the subsurface microstructure from surface deformation also be
present, which manifests as the observed cross-hatched
morphology.

4.2 | Dissolved Carbonate Species and Microcracking
A disparity between the presence of extensive micro-

cracking in 40% RH-equivalent brine and carbonate-rich
saturated MgCl2 solutions and its absence in their carbonate-
deficient counterparts was observed as shown in Figure 6.
Potential hypotheses rely on pH buffering of the near-surface
solution, likely due to the presence of carbonate. However,
it is not understood whether this is due to the presence of
dissolved carbonate species (DIC) or Mg-bearing precipitates.
While HER and hydrogen environment-assisted cracking
(HEAC) may be expected to be initially more aggressive in the
more acidic carbonate-free solutions, as corrosion proceeds
and the pH at cathodic sites increases, buffering in the
carbonate-rich solutions may limit this pH rise.29 Buffering of
the near-surface pH would lead to an HER Nernst potential
increase in contrast to nonbuffering solutions.41 For the pH
range of interest (≈6 to 8),29,43 the HER exchange current density
can be assumed to be invariant44 with a Tafel slope of
−118 mV/decade.45-46 A first-cut calculation of the HER
rate at a given cathodic potential can thus be estimated, with
a projected increase of an order of magnitude for every one
pH unit decrease on account of the changing HER Nernst
potential. Small changes in the near-surface pH at cathode sites
could therefore result in large changes in HER rate. The value
to which the near-surface pH is buffered by precipitation of solids
is dependent on the identity of the specific magnesium-laden
phases that may form.29,43,47-48 A further understanding or
determination of the dependencies of various precipitates on
their specific kinetics would be necessary to infer any potential
influences on near-surface pH buffering.

The buffering behavior of low-RH sea salt and carbonate-
rich MgCl2 solutions was not itself examined in this work, but high
levels of dissolved carbon species in these solutions could
potentially promote precipitation of several species that buffer
the near-surface pH to values that could enhance hydrogen
evolution. Figure 9 is a replotted version of the diagram from
Katona, et al.,29 indicating the pH at which different species in
the Mg-H2O-Cl phase space would be expected to precipitate as
MgCl2 concentration changes. From the diagram, the equi-
librium pH for magnesium hydroxychloride (Mg2(OH)3Cl·4H2O)
precipitation is ≈ 7.4 and for magnesium carbonate (MgCO3) is
≈5.9 in ambiently aerated 4.4 M MgCl2 at 25°C. Using the analysis
of pH effects on HER rate presented above, the lower pre-
cipitation/buffering pH of the carbonate mineral would result in an
HER rate nearly 30 times higher than the hydroxychloride.
Assuming ideality, the equilibrium pH for the MgCO3 precipitation
reaction (Ksp = 1034 from Berninger, et al.48) is estimated to be
≈6 in our experimental test solution of 4.47 M MgCl2 with

MgCO3 addition. However, the role kinetics plays in the pre-
cipitation of Mg-bearing phases would need further determina-
tion as this is a thermodynamically-based understanding.

Bryan, et al.,27 have recently accounted for the much
lower kinetic favorability of MgCO3 by suppressing its
precipitation during thermodynamic speciation calculations.
These calculations predicted that a different carbonate
(Mg5(CO3)4(OH)2·4H2O) would precipitate from brine compo-
nents during dry out of seawater at 25°C.27 Another carbonate
species Mg2(CO3)Cl(OH)·3H2O, has been detected in trace
amounts in MgO-CO2-H2O systems at 35°C in the presence of
chloride,49 and has been identified as the initial precipitate in
CO2-sparged brines containing >1.2 M MgCl2.

50 Although these
experiments49-50 were performed in favorable conditions for
carbonate precipitation (seeding with MgO or Mg(OH)2, the ad-
dition of Ca-species, bubbling CO2 through the solution), they
still resulted in only limited carbonate-bearing phase formation
over the time periods (on the order of a few weeks) observed.
Our results suggest some evidence that the presence of ele-
vated DIC concentrations may affect the occurrence of
microcracking. However, additional work is required to confirm
whether precipitation of magnesium carbonate species and
their consequent near-surface pH buffering constitutes the exact
mechanism for this observation, which may depend on which
precipitation reaction pathway is favored.

4.3 | Implications for Stress Corrosion Cracking
Our prior work18-19 hypothesized that cross-hatching in

the presence of residual stress and strain-induced martensite
from surface grinding caused microcracking via HEAC. The
opinion that hydrogen embrittlement may contribute to atmo-
spherically induced SCC under MgCl2 droplets at low RH has
also been advanced in the literature by Örnek and Engelberg.16-17

The results from the current study can be examined in the
context of these views to provide some preliminary insights into
how chemical constituents in brine in concert with micro-
structure affect SCC propensity.
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FIGURE 9. Replotted Mg-H2O-Cl-CO2 phase stability diagram from
Katona, et al.,29 at 25°C; CO2 and O2 fugacities are log(CO2) = −3.4 and
log(O2) = −0.7, respectively. Note the lower pH at which MgCO3

precipitates at all [MgCl2] when a CO2 source is present in the solution
and the preferential stability of the hydroxychloride species to the
hydroxide as [MgCl2] rises past 2 M when CO2 sources are absent.
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The pits observed in the 4.47 M MgCl2 solutions
(Figures 4[c], 5[a], and 6[a]) and in the 40% RH-equivalent brine
prepared without MgCO3 (Figure 6[c]) suggest that any stress
concentration present from the cross-hatched corrosion mor-
phology alone is insufficient to produce microcracking, which
was observed in their carbonate-rich counterparts. Similarly,
the addition of MgCO3 to the solutions that did not produce
microcracking (NaCl-rich brines and MgCl2-rich brines < 4.47 M)
did not result in microcracks either (Figures 7 and 8). These
observations imply that both MgCO3 and cross-hatching are
required for microcracking to occur, which can be rationalized
from a HEAC perspective given that sufficient stress and H
uptake are required, with the cross-hatching contributing
stress concentration and the elevated HER kinetics facilitated
in carbonate-rich solutions. Conversely, the lack of micro-
cracking in MgCO3-added NaCl brines, and in MgCl2 brines
<4.47 M could also be because of the high near-surface pH to
which cathodic sites are buffered in these solutions that HER
stabilization is less likely.29

While this hypothesis of HEAC-induced microcracking is
still speculative, regardless of the mechanism, it is critical to
understand the triggers that produce microcracks given their
presence is likely to increase the likelihood of SCC initiation.
As reported previously, microcracks were found to emanate
from pits that developed during low-RH atmospheric exposures
where ASTM sea salt had been printed on a ground 304 SS
surface.18-19 These prior studies with ASTM sea salt deposited
on the surface and exposed to high and low RH were per-
formed, in part, to provide improved estimations of pit mor-
phology in realistic near-marine environments. In our previous
work,18 we observed that the low-RH exposure produced
cross-hatching and microcracking only on the heavily ground
surface, while no evidence of corrosion was observed on the
mirror-finished surface. Similar studies by Davenport and
co-workers on SS exposures to MgCl2-only droplets do not
report/observe similar or other microcracks.3,5-7,51 Our study
provides important information to consider when choosing
surrogate solution chemistries for full immersion studies
relevant for the atmospheric corrosion and SCC of SS. Immersion
experiments in salt solutions containing only saturated MgCl2
may not capture the complete picture of pit morphology
in low-RH-equivalent sea salt brines.

Considering all of these observations, it is imperative to
note that several chemical constituents in sea salt brine could
play a key role in causing microcracking should they be
present in the service environment, which necessitates ensuring
their inclusion in laboratory testing so that the correct cor-
rosion morphology observed in service can be reproduced.
In addition, it should be emphasized that cross-hatching and
microcracking are likely governed not only by these specific
chemical factors but may arise from these brine chemistry
constituents acting in concert with residual stresses and strain-
induced martensite arising from surface preparation38,52-54

as has been hypothesized here and in our previous work.18

4.4 | Implications for Lifetime Prediction
Structural integrity modeling has shown some ability to

properly estimate the impact of corrosion on remaining life
through the incorporation of surface flaws referred to as
corrosion modified equivalent initial flaw size, but
the prediction of the pit-to-crack transition and the crack
formation process has not been successful.55-59 This short-
coming is likely in part due to the fact that models typically
have assumed that corrosion manifests in smooth, ellipsoidal

pits.60-62 The strong dependence of pit morphology on both
RH and brine chemistry should be considered for fracture
mechanics-based structural lifetime predictions that include
atmospheric corrosion. Although ellipsoidal pits have been
reported for SS in outdoor marine atmospheres,60-62 com-
prehensive data and systematic studies of pit morphology
in these environments are sparse. The results of our present
work and previous studies indicate the distinct possibility for
irregular-shaped pits and microcracking during low humidity
conditions in service environments.3,18-19,51

Assuming ellipsoidal/hemispherical pit morphology could
result in inaccurate maximum pit size estimates for the lifetime
prediction of SS in low-RH-equivalent brines. As illustrated in
our previous work,18 less cathodic current may be available
in low-RH-equivalent brines due to the effects of physico-
chemical properties of the electrolyte on cathodic kinetics.
Recent work has shown that brine dryout and precipitation can
further lower the overall available cathodic current in low-RH-
equivalent-brines.26 However, pit growth can still continue with
decreased cathodic current availability, provided this decrease
is accommodated by a lower anodic demand,24,30 which
translates to a lower Galvele pit stability product (i·x).26 The
extremely high [Cl−] in low-RH-equivalent brines facilitates a
lower i·x value26,63-64 and can therefore result in lower anodic
current demand to sustain pit growth even with the lower
cathodic current available in low-RH-equivalent brines. Sensitivity
analyses based on these effects reveal larger predictive
maximum hemispherical pit sizes in low-RH-equivalent electro-
lytes.26 Further, the irregular, tortuous pit morphologies that
occur under low RH would greatly restrict mass transport,
resulting in a lower effective i·x,18,65 which could lead to
underprediction of pit growth in low-RH conditions. To illustrate
the extreme example, if a 1-D pit were to grow in these
conditions, the equivalent Galvele pit stability product would
be only one-third65 the value for hemispherical pits and the
correspondingly lower anodic demand would potentially result in
larger predictive maxima.

These inaccuracies could be compounded when the
initial flaw size used for stress concentration analysis is based on
an elliptical/semielliptical geometry for determining crack ini-
tiation20,66-68 in structural integrity analyses, more so when the
actual corrosion feature contains cracks or intergranular
features that are more suited for analysis based on stress
intensity or crack growth fracture mechanics. SCC has been
reported to occur prominently, emanating from irregular, none-
llipsoidal sites, in case studies of austenitic SS equipment
exposed to low-RH seawater environments.69-70 Turnbull and
co-workers have recently called attention to the fact that the
assumption of a semielliptical geometry may be oversimplified
and may consequently lead to underestimation of threshold
stress ranges for crack elongation.57-58 The distinctly nonellip-
soidal pit morphology shown to be associated with specific
low-RH seawater chemical constituents in this study, therefore,
necessitates the reevaluation of such models, particularly
when applied to pit-to-crack transition studies and life prediction
modeling in the presence of elevated concentrations of
magnesium, chloride, and carbonate species.

CONCLUSIONS

This study examined specific sea salt brine constituents
that affect the pit morphology observed on 304 SS ground to a
#4 standard finish immersed in brines simulating the chemistry
of deliquesced sea salt electrolytes in low- and high-RH
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atmospheres. Findings show that concentrations of MgCl2
and carbonate species are important chemical parameters
affecting differences in pit morphology observed in sea salt
brines, which may especially impact SCC susceptibility and
lifetime prediction in marine environments at low RH. Themajor
conclusions of this study are summarized below:
➣ NaCl-rich solutions representative of the chemistry of
seawater electrolytes in high-RH marine atmospheres were
observed to produce ellipsoidal pits with faceted bases.
Similar morphological features were also seen on 304 SS
exposed to MgCl2-rich solutions at concentrations <4.47 M.
➣ Cross-hatching in pits was specifically seen only on samples
exposed to solutions containing saturated/near-saturated MgCl2
representative of the chemistry present in low-RH marine
environments. These results suggest that pit morphology is crit-
ically influenced by [MgCl2], with cross-hatching being pro-
duced in low-RH-equivalent brines likely because pits are polarized
only marginally higher than Erp in these extremely high [Cl−]
solutions, leading to selective attack of deformation slip bands.
➣ The occurrence of distinct microcracking was observed to
correlate with high levels of carbonate species in solutions that
also contained saturated/near-saturated levels of MgCl2. This
observation is hypothesized to be due to HEAC from enhanced
HER kinetics by magnesium species which buffer the near-
surface pH at cathodic sites to lower values, which in the
presence of residual stresses and strain-induced martensite
from grinding could produce microcracks.
➣ The nonellipsoidal pit morphology and microcracks gen-
erated on 304 SS exposed to low-RH marine atmospheres likely
impact susceptibility to pitting and SCC, possibly making these
environments particularly detrimental to alloy structural integrity.
Conventional lifetime prediction models that rely on hemi-
spherical/ellipsoidal initial flaw geometry must therefore be
cautiously applied to such conditions to avoid inaccuracies in
estimation.
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