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ABSTRACT

The aim of this work was to elucidate the relationship between the hygroscopic behavior of acidified
artificial seawater (ASW) microparticles, as a proxy for sea salt aerosol (SSA), and the
atmospheric corrosion of mild steel contaminated with them. The wetting and drying behavior of
acidified ASW microparticles deposited on an inert interdigitated electrode sensor was characterized by
impedance measurements. Carbon steel coupons loaded with the same contaminant were subjected
to isohumidity exposures for up to 30 days. The resulting damage was quantified by optical
profilometry. Sustained corrosion was detectable down to 11% RH, with significant admittance of ASW
deposits on the sensor at <2% RH after 24 h, likely due to the presence of trapped electrolyte. Trends
in corrosion loss versus RH were not directly reflective of the major liquid-solid phase transitions
observed for particles on the sensor. The results bring into question whether SSA-contaminated
surfaces ever dry with regard to corrosion being possible in ambient outdoor environments.
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INTRODUCTION

While it is obvious that for corrosion to occur under atmospheric conditions, sufficient electrolyte must
be present to support electrochemical reactions, it is not obvious what the minimum environmental
conditions are that create sufficient electrolyte. One key environmental condition is relative humidity
(RH), which is a measure of water activity, and another is the state of the surface, which is commonly
contaminated by hygroscopic atmospheric contaminants (i.e., soluble salts). By definition, one could
expect that some amount of water would be present on a surface exposed to an atmosphere above 0%
RH. The presence of water alone, however, is a necessary but not sufficient condition for corrosion to
occur. It must also be present in adequate amounts to solvate and conduct ions. Time of wetness
(TOW) is an attempt to quantitatively characterize the fraction of time during which this occurs. Thus, it
is important to quantitatively understand the relationship between relative humidity, the hygroscopic
behavior of relevant soluble salts, and the corrosion response of the material of interest.

Corrosion in atmospheric marine environments is generally driven by the deposition of sea salt aerosol
(SSA). This type of aerosol is not only capable of breaking down passive films of many alloy systems,
but also, because it is highly hygroscopic, of extending the duration in which exposed surfaces remain
wet and corrosion possible (i.e., time of wetness). Measurements of surface wetness using electrode-
based wetness sensors at outdoor marine sites, where sea salt particles are the primary contaminant,
indicate that TOW can approach unity - almost never dry - even down to low humidity levels."” The
persistence of significant conductance to such low humidity levels is often attributed to the presence of
magnesium chloride salts, such as MgCl,.6H,0O (carnalite), which has a deliquescence relative humidity
(DRH) of 33% at room temperature.*® The DRH of a salt is the humidity above which it spontaneously



absorbs water to form a bulk electrolyte (solid-aqueous phase transition). Indeed, given its DRH and
that Mg?* is the third most populous ion in sea salt following Na* and CI, electrolyte rich in Mg** and CI
is often viewed as the active component of SSA with regard to low humidity corrosion. Additionally, the
DRH of MgCl,.6H,0 is commonly taken as the threshold between wet and dry surfaces contaminated
with sea salt."®

In our previous work, we examined the relationship between relative humidity, the hygroscopic behavior
of SSA proxies composed of NaCl, MgCl, and ASTM D1141 artificial seawater (ASW) and the corrosion
response of mild steel surfaces contaminated with them.”® We demonstrated that the DRH of these
salts, both in singular form or as a mixture (ASW) did not serve as threshold between wet and dry and
significant and insignificant corrosion. Furthermore, we observed that considerable electrolyte is
present and corrosion can occur at humidity levels well below the DRH of MgCl, (33%) on steel
contaminated with this salt or ASW.

The work presented here is an extension of this program, with specific focus on the relationship
between the wetting and drying behavior of acidified ASW and the corrosion response of mild steel.
Acidified ASW (pH ~3) is of interest as it more closely represents the acidic nature of SSA found in
polluted coastal marine environments.® The aims of this study were to: (1) quantitatively characterize
the relationship between solid-liquid phase transitions of acidified ASW microparticles and the corrosion
response of steel contaminated with them in terms of RH, and (2) establish the RH and time frame
under which there is sufficient electrolyte to cause corrosion. The understanding developed in this study
along with results from our previous work are used to assess the accuracy and appropriateness of the
time of wetness parameter for describing corrosion of SSA-contaminated surfaces.

To achieve these objectives, the hygroscopic behavior of acidified ASW microparticles deposited on an
inert interdigitated electrode (IDE) sensor was characterized through impedance measurements.
Additionally, the corrosion loss of mild steel contaminated with these microparticles and subjected to a
range of isohumidity conditions was quantified using optical profilometry. Taken together, the results
from the interdigitated sensor and steel coupon experiments clarify the relationship between the
hygroscopic behavior of ASW and the corrosion response of steel.

EXPERIMENTAL PROCEDURE
Details of the experimental procedures are given in the following sections, but an overview is warranted
here. Polished mild steel coupons were loaded with acidified artificial seawater droplets and subjected
to isohumidity conditions ranging from <2% to 86% RH for periods of up to 30 days. After exposure,
the samples were cleaned and surface profilometry was utilized to characterize attack morphology and
quantify volume loss. The hygroscopic behavior of acidified ASW particles was studied using an IDE
impedance sensing method.

Corrosion Exposures

Coupons of UNS G10100 plain carbon steel measuring 25 x 25 mm were polished to a 0.01 ym
colloidal silica finish. After polishing, they were rinsed with ultrapure (UP) water (18.2 MQscm, <5 ppb
TOC) and absolute ethanol (>99.5%), then dried in a stream of zero grade compressed air.

Prior to exposure, aqueous droplets of ASTM D1141 artificial seawater acidified to a pH of 3.1 with HCI
were dispensed onto each coupon using a custom inkjet printer in a 10 x 10 mm square array pattern
using a method described elsewhere.®'® The in-air diameter of each droplet dispensed was ~35 pum,
which is representative of the larger size fraction of natural SSA."" The resulting density of salt loaded
onto each coupon was 16 pugecm™. These loadings, in terms of chloride content, are within the range of
that measured on boldly exposed metal surfaces in coastal marine environments (10" to 10% pgecm™
CI")."#" Printing was carried out in ambient laboratory conditions, ~78% RH and 21 °C.



Immediately after printing, the coupons were placed in glass containers that contained saturated salt
solutions or desiccant to maintain a particular RH. Two to four coupons were placed in a chamber at
each set point. In order to ensure the droplets remained largely wet (deliquesced) at the start of the
isohumidity exposures, the containers were prefilled with humidified zero air to achieve 70-80% RH
prior to closing. After filling with humidified air, the air ports on the chambers were closed and they
were left to equilibrate to the RH set point governed by the salt solution or desiccant at 21+2 °C. The
chambers were monitored with a calibrated RH meter (x1.5% accuracy) which indicated that the
atmospheres in the chambers equilibrated to within 2% of the expected RH set point in less than one
hour. Coupons were removed at 12 hour, 1 day, 7 day and 30 day intervals.

After exposure, samples were immediately stripped of rust and scanned using an optical profilometer.
Rust removal consisted of immersing the coupons in an aqueous diammonium citrate solution at 40 °C
for 1-5 min followed by rinsing in UP water and drying in a stream of zero air. The cleaned coupons
were scanned using a calibrated white light profilometer. The manufacturer-stated height resolution of
the instrument in the configuration used was 1 nm with a lateral resolution of 500 nm. At least three 1 x
1 mm areas of each coupon within the printed (salt deposited) area and one 1 x 1 mm area outside the
printed area were scanned. Each scan was then analyzed to determine total volume loss and maximum
pit depth with respect to the original polished plane of the coupon.

Hygroscopic Behavior of ASW on Sensor

The hygroscopic behavior of ASW was investigated using an IDE impedance sensing method along
with time-lapse optical microscopy.™ Droplets of the acidified seawater solution used for the corrosion
exposures were deposited onto an IDE sensor inside the inkjet printer. The sensor consisted of a pair
of interdigitated platinum electrodes arranged in a comb pattern on a fused quartz substrate. Spacing
between the electrodes was 3 um. After depositing the droplets, the droplet-loaded sensor was left
inside the inkjet printer chamber and subjected to cyclic humidity ramping at 21+2 °C. Dry compressed
air flowed through the printer chamber at 8 L/min to create a slight positive pressure with respect to the
laboratory. Prior to entering the chamber the compressed air was filtered through activated carbon and
4 A molecular sieves and then passed through a 0.2 um particulate filter to remove trace contaminants
and water vapor. Humidity inside the chamber was controlled and logged using a programmable
humidity control system, which was comprised of a PID controller, a calibrated RH sensor and a
recirculating air ultrasonic humidifier filled with UP water. The RH sensor had a calibrated accuracy of
1+1.5% RH under the exposure conditions of this study.

Impedance was measured at 0.2 Hz and 26 kHz across the sensors using a potentiostat in a two-
electrode. The higher frequency was used because it was most indicative of bulk phase transitions and
is one of the highest frequencies that did not exhibit instrument artifacts. The lower frequency was
chosen because it was most sensitive to the presence of small amounts of electrolyte while still
providing a reasonable sampling time. An excitation voltage of 20 mV versus open circuit was used.
Measurements were taken at four minute intervals during the humidity ramping experiments.
Measurements were also normalized to remove the admittance contribution of the sensor and noise
from the experimental setup. Thus, a normalized measured value below unity indicates that admittance
is contributed from the hygroscopic particles on the sensor alone. The deposited particles were also
monitored via a variable zoom optical microscope. The microscope was trained on the sensing area
during the humidity ramping experiments and images taken at four minute intervals. Further details on
this method and the instrumentation utilized are described elsewhere.™

RESULTS
Humidity Cycling of Salt-Loaded IDE Sensor
Measurements during humidity cycling of the acidified ASW-loaded sensor indicate five major sharp
transitions in particle coverage and impedance and show significant admittance due to particle
presence throughout the experiments. The measured RH profile and impedance during one of the
three replicate humidity cycles carried out is given in Figure 1. Impedance measured at 26 kHz is recast
as a function of RH in Figure 2. Inset in Figure 2 are images taken during or after major shifts in



impedance. The shifts in impedance were found to correspond with visual changes of the particles. At
the start of the experiment, particles were in the form of droplets containing small crystals, Figure 2(a).
They stayed in this configuration until rapidly shrinking at 50% RH (b). What appeared to be liquid was
still present around these shrunken deposits until another shrinking event occurred at 11% RH, prior to
(c). Below 11% RH and up to the onset of the humidification ramp the impedance at both frequencies
gradually rose, Figures 1 and 2(c). Impedance at 0.2 Hz remained significantly below unity throughout,
Figure 1, indicating admittance contribution from the presence of the particles. At the onset of
humidification, impedance at 0.2 Hz dropped followed by 26 kHz when RH reached 10%. This
correlated with small growth in particle size Figure 2 (d). A drop in impedance again occurred around
30% RH corresponding to visual appearance of a liquid-like layer around the particles (e). The particles
then gradually grew in size until a major deliquescence event took place at 75% RH (f) causing the
deposits to revert back to their state at the start of the experiment. The morphological changes and
impedance behavior described above were nearly identical for all three humidity cycles.
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Figure 1: Impedance measured across an IDE sensor loaded with acidified ASW at two
frequencies during a humidity cycle.
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Figure 2: Impedance measurements at 26 kHz, from Figure 1, recast as a function of RH along
with optical micrographs of the particles on the sensor surface during various points of the
humidity cycle. The open symbols are measurements taken during dehumidification and the

closed symbols were taken during humidification. The scale bar in the images is 100 pm.

Corrosion of Steel Coupons

Isohumidity exposures of acidified ASW on steel indicated that sustained corrosion occurred down to at
least 11% RH and attack became more severe with increasing RH and time. Figure 3 exhibits the mean
nominal corrosion depth (volume loss/scan area) measured on the salt loaded steel coupons.
Corrosion depth appears significantly different at 11% RH for the 30 day samples with respect to the
11% RH exposures at lesser durations, indicating that loss became resolvable after 7 days. Average
loss was highest at = 64% RH at greater than 7 days, but also appears to flatten out with respect to RH
above this threshold. The average maximum pit depth, Figure 4, generally increased with increasing
time and RH as well. It is interesting to note, however, that increases in pit depth with time were
relatively small or unresolvable with respect to measurement uncertainty at < 33% RH. This was
despite the fact that volume loss was observed to increase at < 33% RH. This appears to be a
reflection of the fact that corrosion attack was visually observed to occur in the form of radial spreading
of shallow pitting from the salt deposits over time in this humidity range.
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Figure 3: Average volume loss divided by scan area (nominal depth) for acidified ASW-loaded
coupons exposed to a range of isohumidity conditions. The bars represent one standard
deviation. The dashed line is the upper bound of the 95% confidence interval of volume loss
measured on clean areas outside the printed salt pattern.
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Figure 4: Average maximum pit depth measured on coupons loaded with acidified ASW and
exposed to a range of isohumidity conditions. The bars represent one standard deviation.



DISCUSSION

Hygroscopic Behavior of Acidified ASW

The results of the salt on sensor experiments indicate that varying amounts of electrolyte were
associated with the salt deposits during the entirety of the exposures. The major liquid-solid transitions
of the sensor-deposited acidified ASW particles during humidity cycling with respect to RH are similar to
that exhibited by non-acidified ASW particles examined in previous work.” In our previous work, these
transitions were associated with NaCl and MgCl,, the two primary constituents of artificial seawater
(and natural seawater) by mass. It is reasonable to attribute the transitions observed for acidified
seawater to these constituents as well. The large transitions at ~50% RH during dehumidification and
76% RH during humidification, Figure 2, are characteristic of the efflorescence and deliquescence
behavior of both pure NaCl, as well as NaCl in synthetic and natural sea salt.” It is possible that
analogous transitions near 10% RH, in Figure 2, as was also seen for non-acidified ASW, are due to
the behavior of a metastable magnesium chloride hydrate salt. One exception to the similarity between
the non-acidified results previously reported and the results presented here is that the acidified ASW
additionally exhibited impedance transitions around 33% RH, which may be due to the presence of
resolvable amounts of the thermodynamically predicted MgCl,.6H,0.

Although major phase transitions occurred down to 9% RH during dehumidification, the ASW particles
retained significant conductance even after holding for 24 h at <2% RH, which may be indicative of the
presence of some form of electrolyte. The low humidity admittance is most evident in the 1Zly 1, curve in
Figure 1, which remains significantly below that measured across a clean, unloaded sensor (unity value
of normalized impedance). The continual rise in 1Zl, .4, when the RH was held constant at <2% RH and
its movement in step with RH immediately upon subsequent humidification demonstrates that this
admittance is governed by water availability, Figure 1. This behavior, again, was seen for deposits of
ASW and for pure MgCl, in our previous work.”" In the case of pure MgCl, deposits, we found the
slowly rising impedance measured upon holding at <2% RH reflected the evaporation of fluid trapped
under partially effloresced deposits.™ The fluid trapping occurred due to the formation of solid shells at
the electrolyte-air interface of the drops during efflorescence. Given the apparent controlling behavior
of MgCl, on non-acidified ASW particle conductance at low humidity in previous work, we proposed that
similar fluid trapping also occurred with ASW. It is likely that such behavior may occur for acidified ASW
as well.

Effect of RH on Corrosion Response

Consistent with the observation that electrolyte may be present down to at least 2% RH at room
temperature under the acidified ASW salt deposits, the 30 d volume loss results indicate that the
minimum RH at which sustained corrosion was detectable was 11% RH, Figure 3. The corrosion rates
at these levels, however, are relatively trivial, as exemplified in Figure 5. In this figure, the 12 h volume
loss data have been subtracted from the 30 d data, both shown in Figure 1, and the result was
normalized to a per annum corrosion rate. This eliminates the high rate of corrosion that occurred upon
initial loading of the salt droplets onto the coupons at high humidity (~80% RH) at the start of the
experiments. Also shown in this figure are the results from a previous set of experiments’ carried out in
the same manner except using as-is ASTM seawater (pH = 8.2).

From Figure 5, it is evident that both acidified and normal ASTM artificial seawater invoke similar
corrosion rate trends with respect to RH. Acidification of ASTM seawater created a more aggressive
solution that resulted in relatively higher corrosion rates. These results suggest that acidification seems
to have a lasting effect on corrosion rate, despite the expected drastic changes in solution chemistry
(including pH) that occurs at the anode and cathode sites due to corrosion and interaction with the
surrounding atmosphere. It is notable here that, unlike the acidified seawater, the corrosion rates
measured for ASW at 33% RH were below the limits of detection. In our previous work, however, we
had shown that higher salt loading densities (100x) allowed for detection of sustained corrosion below



33% RH. In other words, corrosion was likely occurring but at rates lower than the detection limits of our
technique.

A large inflection in corrosion loss trends with respect to RH for the acidified ASW loaded coupons for
longer times initiated between 33% and 53% RH, which is not directly relatable to the phase transitions
observed on the impedance sensor nor predicted for seawater, and similar to that of non-acidified
ASW, Figure 6. These observations are in agreement with those of Evans and Taylor and Duly who
also reported corrosion to become considerable within this range for natural sea salt contaminated
carbon steel, based on results of similar isohumidity experiments.’®'® The cause of this general
behavior remains an area for further study.
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Figure 5: 30 day volume loss data from acidified and non-acidified” ASW-loaded coupons (with
same salt loading density) normalized to a per annum corrosion rate and compared to the DRH
of NaCl (76%) and MgCl,.6H,0 (33%) along with the ISO 9223 atmospheric corrosivity
classifications for steel. The lowest dashed line represents the upper bound of the 95%
confidence interval of volume loss measured on clean areas outside the printed salt pattern.
The bars represent one standard deviation.
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Figure 6: Comparison of acidified and non-acidified” ASW corrosion rates from Figure 5 recast
on a linear scale.

Implications for TOW

These results raise the question as to whether surfaces contaminated with SSA ever truly dry in natural
ambient conditions (in terms of corrosion being possible). Major liquid-solid phase transitions of ASW
occurred at ~10% RH, attributed to a metastable hydrated Mg-Cl phase, and the ASW deposits
remained significantly conductive down to <2% RH, even for 24 hours, likely due to fluid trapping. Such
low RH conditions are rarely encountered in ambient natural environments."” They could, however, be
encountered on heated surfaces , such as those receiving direct solar exposure, where the surface RH
can be much lower than that of the ambient environment. Surface heating was not addressed in the
room temperature experiments reported here, nor was the effect of temperature on the hygroscopic
behavior of ASW. Further work is needed to examine the effect of heating on the hygroscopic behavior
of SSA proxies, and, importantly, natural SSA to provide a more conclusive answer to this issue.

Regardless of whether a surface ever truly dries, our findings challenge the commonly utilized humidity
based thresholds for estimations of TOW on SSA contaminated surfaces. These include the ISO 9223
threshold of 80% RH and use of the DRH of sea salt components, including that of MgCl,.6H,O
(33%).""®' |n previous work, we demonstrated that corrosion can initiate by adsorbed water on NaCl
crystals down to 33%RH, and proceed at rates comparable to that at and above the DRH of NaCl
(76%) at humidity levels down to 53% due to development of hygroscopic corrosion chemistry.? Here
we found corrosion can be sustained down to at least 11% RH, possibly due to trapped fluid or
deliquesced electrolyte Mg-Cl rich electrolyte, which is well below the DRH of MgCl,.6H,0O (33%). No
substantial inflection in the trends of corrosion loss as a function of RH were notable at the observed or
predicted phase transitions in any of these cases. Considering that these deliquescence points proved
relatively insignificant under simple sea salt proxies in highly controlled conditions, it is doubtful that
such delineation will be witnessed in the natural environment where surface chemistry and RH-T
transients are much more complex.

CONCLUSIONS
The hygroscopic behavior of acidified artificial seawater particles was characterized and linked to the
humidity-induced corrosion response of mild steel contaminated with them. The following conclusions
were drawn:



1. Humidity cycling of acidified ASTM artificial seawater microparticles on an interdigitated
electrode sensor indicated liquid-solid phase transitions occurred at ~10% RH, with evidence of
significant conductance down to <2%, even after 24 h. This behavior was found to be nearly identical to
that of non-acidified seawater in previous work. The low humidity behavior seen for the acidified
seawater is postulated to be due to the formation of metastable MgCl, hydrates and fluid trapping under
a solid salt crust.

2. Trends in corrosion loss versus RH were not directly reflective of the major liquid-solid phase
transitions observed during humidity cycling of the acidified ASW alone nor of the predicted
deliquescence points of its major constituents. The minimum RH where sustained corrosion was
detectable was 11%. Trends observed for acidified ASW-loaded steel generally followed those of non-
acidified ASW-loaded steel.

3. Further work is suggested to test the universality of these findings in cases of varying salt
loadings, more complex chemistries, diurnal humidity and temperature transients, and exposure times
more representative of surfaces exposed to outdoor conditions. The experimental framework
developed here serves as one means of doing so.
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