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Effect of Nitrate and Sulfate on Atmospheric Corrosion of 304L

and 316L Stainless Steels

Angus J. M. C. Cook,? Cristiano Padovani,” and Alison J. Davenport®*>*

“School of Metallurgy and Materials, University of Birmingham, Edgbaston, Birmingham, West Midlands B15 2TT,

United Kingdom

bRadioactive Waste Management Ltd., Curie Avenue, Harwell, Oxfordshire OX11 ORH, United Kingdom

The effects of nitrate and sulfate salts on the chloride-induced atmospheric pitting corrosion of 304L and 316L stainless steel was
investigated through automated deposition of droplets of magnesium and calcium salts. Nitrate was found to inhibit pitting under
magnesium salt droplets when the ratio between the deposition density of nitrate anions and chloride anions was above a critical
value, which was the same for both 304L and 316L. This critical ratio was found to decrease with increasing humidity. Sulfate was
also observed to inhibit pitting for MgCl, + MgSO4 mixtures, but only at higher humidities. Sulfate did not show any inhibition
for CaCl, 4 CaSO4 mixtures, an effect attributed to the low solubility of CaSO4. At low relative humidities, precipitation of the
inhibiting salt was observed, leading in some cases to crevice-like corrosion under salt crystals. The pitting behavior was explained

in terms of the thermodynamic behavior of concentrated solutions.
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In the UK, stainless steel is used to package intermediate level
radioactive waste, ILW, which is characterized by relatively large
volumes and variable levels of radioactivity.! Whatever the strategic
approach to its management®, most ILW has been packaged in thin-
walled containers (2.3—6 mm thick, typically grades 304L or 316L,
UNS S304003 and UNS S316003, respectively) and will undergo
long periods of exposure to atmospheric conditions, either in surface
or underground facilities prior to permanent disposal.

During these periods, waste containers will be exposed to regimes
of varying temperature and relative humidity (RH), as well as to
chloride-containing salts arising from aerosol deposition. As a re-
sult, it is important to identify suitable storage conditions to ensure
durability of waste containers, in particular to avoid conditions asso-
ciated with the development of pitting and, even more importantly,
atmospherically-induced stress corrosion cracking (AISCC).>3

Monitoring of ILW storage facilities and other indoor locations
considered broadly representative of ILW stores suggests that tem-
perature and relative humidity, which are key parameters in the de-
velopment of atmospheric corrosion, are expected to vary between
~0-30°C and ~30-100% RH, respectively.’ Ionic chemical species
deposited on surfaces after relatively long periods of indoor storage
found in swab tests in a variety of real storage facilities include cal-
cium, magnesium, sodium, potassium, chloride, nitrate and sulfate
ions. Inside the storage buildings surveyed, chloride deposition densi-
ties were found to be below ~20 jLg/cm?, with deposition rates of the
order of 1 wg/cm? per year estimated.> With such a deposition rate,
the chloride deposition density could increase to ~100 jLg/cm? over
the next century.

In atmospheric conditions relevant to this work, a number of tests
have been carried out to evaluate the atmospheric pitting corrosion of
stainless steel in the presence of chloride deposits (e.g., Refs. 2, 4-6)
but none of these have been carried out in the presence of ionic species
other than chloride. In particular, anions such as nitrate and sulfate,
which are likely to be present in amounts comparable to chlorides in
waste stores,” have been shown to inhibit corrosion processes in bulk
solutions above specific critical ratios to the chloride ion.”~!”

The concentration of MgCl, in equilibrium with an ambient RH
of 90% is ~1.5 M, and increases with decreasing humidity.'® Inhi-
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“The strategy for the management of higher activity radioactive waste in England,
Wales and Northern Ireland is currently permanent disposal in a geological disposal
facility (GDF). After interim storage in surface facilities, radioactive wastes will be
emplaced in a GDF which will then be backfilled and sealed. In Scotland, the current
strategy for the management of higher activity radioactive wastes is long-term storage
and near-surface disposal.?

bition ratios found in bulk experiments (typically at concentrations
below 1 M) may not be representative of atmospheric conditions.'
For example, the relative humidity in typical stores is expected to vary
between ~30% and ~100% RH (equivalent to MgCl, at saturation
(~5 M) and ‘infinite dilution’, respectively).”’ Furthermore, atmo-
spheric corrosion differs from full immersion corrosion in a number
of other ways. The thin electrolyte layer both allows easier oxygen
access to the metal surface, and may limit ion migration and cur-
rent flow through the electrolyte. Conversely, the increasing solution
concentration decreases the solubility of O,, which will decrease the
access of oxygen to the metal surface. Furthermore, the area available
for the cathodic reaction is limited by the coverage of the electrolyte
(i.e. the footprint of the droplet).2?!

Methods employed to simulate atmospheric corrosion conditions
used in previous studies include the formation of extended thin-
films of electrolyte,?>?* ink-jet printing of salt layers that deli-
quesced to form droplets,'>>?° and direct droplet deposition.>>*27-2°
The current work uses automated deposition of combinatorial ar-
rays of droplets to identify inhibiting nitrate:chloride deposition den-
sity ratios (NDD:CDD) and sulfate:chloride deposition density ratios
(SDD:CDD) for both 304L and 316L stainless steels, at ~31°C and
several fixed exposure humidities.

The corrosion that develops in stores is likely to be a result of
deliquescence of a salt layer that accumulates over time via aerosol
deposition. However, in the current work, deposition of salt droplets
was selected as a simple reproducible method for generating a wide
range of different solution chemistries on a single metal plate. The
findings from the current work are likely to be conservative, since
initiation takes place under a relatively large droplet with a corre-
spondingly large cathodic area compared with the smaller, patchy and
disconnected areas of electrolyte that are likely to form in the early
stages of aerosol deposition.

The aim of this study is to evaluate the inhibiting effects under
low temperature atmospheric conditions, representative of storage
environments for radioactive wastes as well as many other indoor
facilities.> Beyond helping to build a comprehensive picture of the
key factors controlling long-term atmospheric corrosion processes,
this information is being used in the development of a corrosion pre-
diction model.*

Experimental

Materials and surface preparation.—Type 304L and Type 316L
stainless steel plate (UNS S30403 and UNS S316003, respectively)
with 3 mm thickness was provided by Aperam France in a cold rolled
and solution annealed (1040-1100°C, forced air cooling) condition.
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Table I. Cast analysis provided by foundry for 304L and 316L stainless steel plate.

Chemical Analysis (wt-%)

Alloy c Si Mn Ni Cr

Mo Ti N S P Co Fe

304L
316L

0.023
0.024

0.44 1.46
0.38 1.25

8.00
10.04

18.08
16.55

A cast analysis is provided in Table I. Plate was cut to appropriate size
(either 30 x 50 or 25 x 75 mm) and mounted to aid handling. The
samples were wet-ground to P800 grit using SiC discs such that the
rolling direction of the alloy was perpendicular to the final grinding
direction.

Samples were then ultrasonically cleaned in and then rinsed with
>15 MQ - cm de-ionized (DI) water (Millipore), dried under an air-
stream, and left in a sheltered, ambient lab environment for 24 hours
before deposition (20-26°C, 18-54% RH). It should be noted that the
surface finish used in the current work is highly reproducible, but not
identical to the surface finish of ILW containers, which are typically
wet bead blasted.?!

Solution arrays.—Stock solutions of MgCl,, CaCl,, Mg(NOs),,
CaSO, and MgSO, were made using ACS grade reagents:
MgClz . 6H20, CaCb . 2H20, Mg(NO3)2 . 6H20, CaSO4 . 2H20
(Sigma-Aldrich) and MgSO, - 7H,0 (Arcos Organics) and >15
M - cm DI water (Millipore). Due to the low solubility of CaSOy, a
suspension was maintained using a magnetic stirrer during solution
handling. Stock solutions were described in terms of anion concen-
tration, and were approximately 1.0, 0.6 and 0.4 mol/L for chloride,
nitrate and sulfate (apart from CaSO,) solutions, respectively. The
CaSO0; stock solution was made to 0.26 mol/L.

Arrays of solutions with combinatorial ratios of anions were pre-
pared from the stock solutions by a MultiPROBE II Ex automated
liquid handler (Packard Biosciences) via serial dilution. Solutions
were stored in well plates before deposition.

Two types of arrays were used:

® The first approach (‘logarithmic’ tests) varied both the chloride
deposition density (CDD, mass per unit area of C1~, between 8.5-850
pg/cm?) and either the nitrate or sulfate deposition densities (NDD,
mass per unit area of NO;~ or SDD, mass per unit area of S04,
between 0-850 jLg/cm?) ‘logarithmically’ across the same plate, with
multiple plates used to replicate experiments (Figure 1a).

® The second (‘linear’ tests) consisted of a fixed CDD (~1200
wg/cm?) across an entire plate, with linearly increasing NDD or SDD
across the width of the plate. In these arrays, the NDD or SDD was
varied linearly between 0 jLg/cm? and an upper value chosen for each
experiment (Figure 1b). It should be noted that the CDD chosen for
these linear tests (~1200 pg/cm?) is significantly higher than the range
of CDDs expected in a store environment (up to ~100 wg/cm?).? This
was done in order to provide an aggressive environment, so that any
inhibiting effects could be clearly identified.

For logarithmic arrays both 304L and 316L plates were investi-
gated. For linear arrays only a single alloy was used for each exposure
condition (salt type, humidity).

When evaluating inhibitor/chloride  deposition  densities
(IDD:CDD) from the logarithmic and linear variation tests, it
should be noted that the logarithmic variation tests provide better
statistics (>12 trials for IDD:CDD between 10-0.1) but larger
increments (logarithmic IDD:CDD increments of 0.3, 1, 3 etc.),
while the linear variation tests provide poorer statistics (4 trials per
condition) but finer increments (linear NDD:CDD increments of
~0.17).

Additionally, pure MgCl, droplets (i.e. droplets with no inhibiting
salt additions) were used as control tests to assess the aggressiveness
of the exposure conditions and provide a baseline for comparison with

2.000 -

0.0033
0.0032

0.032
0.034

0.171 Bal.
0.189 Bal.

NDD or SDD (ug/cm?)
51851 251 85 1250 ) 850

(@)

CDD
(Hg/em?)

NDD or SDD (ug/cm?)
0 | 100 ; 200 ; 300 ; 400 ; 500 ; 600 ; 700 ; 800 ; 900 ; 1000
|

(b)

Constant
CcDD
(1230 pg/cm?)

Figure 1. Array design for (a) logarithmic variation (3.3 mm diameter
droplets) of both nitrate or sulfate deposition density (NDD or SDD) and
chloride deposition density (CDD), (b) Linear variation (3.0 mm diameter
droplets) of nitrate or sulfate deposition density (NDD or SDD) with chloride
deposition density (CDD) kept constant. Images acquired after deposition, be-
fore exposure period. Note that values in linear variation in NDD or SDD on (b)
are given as examples. Actual values are indicated with relevant experiments.

the tests containing salt mixtures. These control droplets covered the
same range of CDDs as tested in the mixed salt systems (i.e. 0.85-1200
g/em?)

Droplet deposition and exposure.—Deposition of droplet arrays
was automated using the MultiPROBE II Ex. Droplet volume at depo-
sition was 4 wL unless otherwise stated, and droplets are referred to by
their deposition volume in the text. On logarithmically-varying tests,
freshly-deposited droplets had an area of 8.4 4= 0.3 mm?. On linearly
varying tests freshly-deposited droplets were measured to give an area
of 7.1 & 0.4 mm?. It is thought that differences in deposited solution
concentration are the result of different spreading behavior immedi-
ately after deposition, with the higher concentration solutions (used in
the linear variation tests) showing lower spreading. Comparisons be-
tween photos taken after deposition, and photos taken after exposure
showed no evidence of spreading during exposure. Droplets were typ-
ically elliptical, extending preferentially along the grinding lines with
an average aspect ratio of ~1.2. The droplet diameters quoted below
are the diameter of a circular droplet with the same mean droplet area.
For 4 wL droplets with a mean area of 8.4 4 0.3 mm?, the equivalent
diameter is ~3.3 mm. 4 L droplets with an area of 7.1 4 0.4 mm?
give an equivalent diameter of ~3.0 mm.

Plates with linear NDD or SDD variation took ~10 minutes for
deposition to finish, with no observed drying of the droplets in the am-
bient lab conditions. Plates with logarithmic CDD and NDD or SDD
variation took ~40 minutes for deposition to finish. When ambient
humidity was lower than the exposure humidity, these plates were
suspended over a water bath during deposition to increase the local
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Figure 2. Data from temperature and humidity logger inside desiccator con-
taining saturated MgCl, during sample placement plotted as a function of time
from the beginning of droplet deposition onto the first batch of samples. The
desiccator was taken out of the temperature chamber at (A). Between (A) and
(B) 2"d—4t batch of samples underwent deposition and placement within the
desiccator, with the deposition of the last (4") batch of samples beginning
~40 minutes preceding (B). The desiccator put back in oven at (B). Similar
transient humidity increases were observed in all experiments just after sample
insertion.

humidity. Local humidity was typically increased by ~5-10% RH by
this method.

Where a test used a CaSO4 suspension, an automated pipette was
used to mix the suspension thoroughly, before aspirating sufficient
solution for a single deposit. Each solution droplet was deposited in-
dividually, with the pipette tip returning to the stock solution well-plate
each time to re-mix the solution. Due to the much longer deposition
time required for this method (~7 hours), CaSO, solutions were de-
posited first and allowed to dry before being over-deposited with a
2 pL droplet of the relevant chloride solution. Where the test with
CaSO, employed a sulfate deposition density of 0 pg/cm?, the area
was pre-deposited with DI water. CaSO, coverage was generally fairly
uniform, though in droplets with higher amounts of CaSO, the parti-
cles appeared to accumulate slightly toward the center of the droplet
after being over deposited with CaCl,, with deposits shrinking slightly
back from the edge of the droplet.

Sample exposure.— After deposition, samples were photographed
and placed within a selected exposure environment. Temperature was
always set to 30°C. Humidity was controlled via saturated salt so-
Iutions within a desiccator (MgCl,, K,COs, NaBr or NaCl). The ex-
pected humidity fixed points (HFP) for the above salts at 30°C are 32.4
+ 0.2% RH, 43.2 £+ 0.5% RH, 56.0 & 0.4% RH and 75.1 &+ 0.2%
RH, respectively.’> Samples were exposed alongside a temperature
and humidity data logger (Lascar Electronics) to verify their exposure
conditions. Samples were exposed for a period of 7 days, with previ-
ous preliminary work having shown that for CDDs between 10-1000
pg/cm? the majority of corrosion processes on 304L initiated within
~48 hours of sample exposure.

Humidity verification.—The humidity within the desiccators was
largely constant during the 7 day exposure. A significant divergence,
common across all experiments, was observed just after samples
were placed into the desiccator. At this time, the humidity was seen
to increase sharply before slowly decreasing back to equilibrium
(Figure 2). This was attributed to the evaporation of the dilute droplets
as they equilibrated with the desiccator environment.

In previous work under pure magnesium chloride droplets on 304L.,
pits were observed to initiate within ~1 hour of deposition, and so
initiation under some droplets is expected to occur during this period
of high humidity.>* This was not expected to influence the results of
the experiment, however, as the exposure conditions within the des-

Figure 3. Example of the criterion for visual detection limit of pitting corro-
sion employed in the tests. (a) “pitted” droplet based on the observation of a
rust stain (304L, 4 wL droplet, NDD:CDD of 2.5:8.5, 1 week exposure at 31°C,
46% RH), (b), “uncorroded droplet”, no rust observed (304L, 4 nL droplet,
NDD:CDD of 2.5:2.5, 1 week exposure at 31°C, 46% RH). (c) and (d), details
of the pit from the droplet shown in (a), indicating that pits as small as 10s
of wm in diameter were successfully detected by observation of the corrosion
product from low magnification images.

iccator are thought become more aggressive over time as the system
equilibrates (i.e. increase in temperature, increase in solution con-
centration), and it is assumed that any corrosion sites which initiated
under higher humidity, lower temperature conditions would also have
initiated under a constant higher temperature and lower humidity. In
the general case, however, this humidity transient may affect systems
where some of the samples contain dry salts at deposition, which may
then deliquesce during the humidity transient, allowing corrosion to
occur in this period. It may also affect the results of mixed binary chlo-
ride — inhibitor systems where the inhibitor becomes less effective at
higher humidities (not expected in the current systems).

Average steady state temperature and humidity readings are given
in Table II. In general, all samples to be exposed to a particular
environmental condition were exposed together within the same des-
iccator. The exception to this was MgCl, + Mg(NO;), droplets on
304L samples at 46% RH, which were exposed separately to the rest.
These data are highlighted in Table II.

Sample analysis.—Samples were photographed after exposure,
washed in DI water, and photographed again. These photographs were
used to assess whether or not corrosion had taken place under a given
droplet. Corrosion sites were examined under an optical microscope.

Criteria used to interpret the tests.—A given droplet composition
was deemed to allow/inhibit corrosion (pitting) based on the appear-
ance of a rust stain. As examples, Figure 3a is considered a “corroded”
droplet, while Figure 3b is considered a droplet where corrosion did
not occur. The smallest pits detected from the observation of rust
patches were ~10-20 pwm in diameter.

In some conditions (usually lower humidities), solid salt deposits
precipitated out of solutions, and some droplets showed evidence
of both precipitation and corrosion. Corrosion may be able to oc-
cur within a droplet with a nominally high inhibitor:chloride ratio if
preceded by precipitation of the inhibitor, as precipitation within a
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Table II. Nominal exposure conditions compared with measured exposure conditions. Recorded data given as average =+ s.d., instrument error
shown in header. Averages do not include humidity peak after sample insertion, common to every experiment (Figure 2).

Temperature (°C)

Relative humidity (% RH)

Experiment Nominal Recorded + 0.5 HFP (Salt) Recorded + 3.0

MgCl, + Mg(NO3)2/MgSOy4 (Logarithmic) 30 31.24+0.2 33 (MgClp) 355+0.1
30 31.5+£0.0* 43 (K,CO3) 46.0 £ 0.1*
30 31.0+£0.2 43 (K,CO3) 46.8 £ 0.2
30 314+£02 59 (NaBr) 583+04

MgCl, + Mg(NO3)2/MgSOy4 (Linear) 30 31.0+0.0 33 (MgCly) 347402
30 31.0£0.0 43 (K,CO3) 47.0+0.1
30 31.0£0.1 59 (NaBr) 58.0+£0.2

CaSO4 + MgCl,/CaCl, 30 31.0+£0.1 43 (K,CO3) 455 +0.1
30 30.7+£0.2 59 (NaBr) 579+£0.2
30 30.5+0.1 75 (NaCl) 76.4 £+ 0.6

*=304L samples with MgCl, + Mg(NOs3); droplets, which were exposed in a separate test.

droplet may remove the inhibiting anion from solution. As such, all
judgements of inhibition ratios were taken from droplets without any
precipitates.

In order to highlight scenarios where an inhibiting salt might pre-
cipitate from solution, and to more fully investigate the thermody-
namic modelling of the binary salt system, it was of interest to record
cases where precipitation had occurred due to environmental factors,
i.e. when the exposure environment had led to precipitation within a
droplet. It was important, however, to differentiate these cases from
cases where precipitation may not have been caused purely by en-
vironmental factors, but by the presence of a corrosion site (though
changing solution chemistry, or changes in surface morphology).>*

When both corrosion and precipitation were observed under a
droplet, the sequence of corrosion and/or precipitation was judged
on the relationship between the corrosion products and the precip-
itate morphology. Figure 4 shows an example of the morphology
of corrosion products and precipitates in these two cases. Figure 4a
shows orange/brown corrosion products that are confined by precipi-
tates, suggesting that in this case the corrosion product appeared after
the precipitate (precipitation followed by corrosion). Conversely, in
Figure 4b the corrosion product is found throughout the droplet and
is independent of precipitate morphology, suggesting that it devel-
oped first, before the precipitation occurred. It should be noted that
both types of behavior were observed for both nitrate- and sulfate-
containing droplets.

In the following sections, cases of precipitation preceding cor-
rosion are included in the text/graphs, indicating that the exposure
environment was judged responsible. Cases where precipitation was
thought to have followed corrosion have not been indicated, as in such
cases it cannot be determined whether or not the precipitation was in-

Figure 4. Examples of crystal growth (a) before and (b) after corrosion propa-
gation under 3.3 mm diameter droplets on 304L at 31°C and 36% RH. (a) CDD
250 wg/cm?, SDD 850 pg/cm?. (b) CDD 850 pg/cm?, NDD 250 jug/cm?.

fluenced by the changing solution chemistry or surface morphology
brought about by corrosion.

Precipitates were identified visually from macrographs of the sam-
ples, so instances where only small levels of precipitation occurred
may not have been recorded. Precipitates were not directly analyzed
for composition, but in all cases were expected to be the inhibitor salt
(MgNO; or MgSO,), based on thermodynamic analysis.

Thermodynamic analysis.—Thermodynamic analysis of the pre-
cipitation behavior of mixed salt solutions was carried out in order
to complement the experimental work. Thermodynamic calculations
were performed using OLI Stream Analyser Version 9.2, using the
mixed solvent electrolyte model (MSE) main databank (H;O™" ion).
All calculations were run at 30°C, 1 atm with vapor phases supressed.

Results

Control tests (no inhibitor present).—Table III shows the results
of control tests carried out at different relative humidity values under
pure MgCl, solutions on 304L and 316L. 316L samples had fewer
occurrences of corrosion (rust patches) when compared with 304L.
All corrosion was in the form of pitting. There appears to be a lower
fraction of corroded droplets at intermediate RH (~45%), than at
lower (~35%) or higher (~60%) RH.

In the case of 304L, the majority of control droplets (80-100% of
tests) showed corrosion under the conditions tested, so any inhibition
effect afforded by nitrate and sulfate salts should be very clear. How-
ever, in the case of tests on 316L, particularly at ~46% RH, far fewer
droplets corroded than in the case of 304L (20-70% of tests). This
indicates that the results on the potential inhibition effects of nitrate
and sulfate need to be interpreted with care on 316L.

Table IV shows the results for a limited number of tests on smaller
2 pL (2.3 mm dia.) CaCl, and MgCl, droplets on 316L. These con-
trol tests were carried out to aid the interpretation of tests aimed at
evaluating the inhibition properties of sulfate as CaSO4 on 316L only,
to complement the work with MgSO,. Smaller droplets were used in
order to fit a sufficiently large array onto each sample. In this limited
set of tests no corrosion was seen under MgCl, droplets under the
conditions tested. However, for CaCl,, 2/5 droplets showed signs of
corrosion, indicating that CaCl, is more corrosive than MgCl,. While
indicating a potentially higher corrosivity than MgCl,, the limited
incidence of corrosion in the control CaCl, tests (40% of tests) re-
inforces the idea that, particularly on 316L, the inhibition effects of
sulfate need to be interpreted with care. Care should also be taken
when comparing the CaSO, and MgSOQ, tests presented, as the differ-
ent droplet volumes used are likely to have affected the likelihood of
corrosion.”’
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Table III. Comparison between number of corroded 3.3 mm diameter MgCl, control droplets (as number and percentage) for 304L and 3161
samples, exposed to humidities of 36% RH, 46/47% RH and 58% RH at 31°C. Results for all CDDs tested (8.5-850 pg/cm?) are included.

Number of corroded droplets (/40) and % corroded

Relative Humidity (% RH) 304L
36 40
46,47 33
58 40
Table IV. Comparison between number of corroded 2 pL (2.3
mm diameter) MgCl, and CaCl; control droplets (as number and
percentage) for 316L samples, exposed to humidities of 46% RH,
58% RH and 76 % RH at 31°C. A 2 wL droplet of DI water was pre-
deposited in the same location and allowed to dry before deposition
of the salt solution. All tests had the same CDD of 1200 pg/cm?.
Corroded droplets (/5)
Relative Humidity (% RH) CaCl, MgCl,
46 2 40% 0 0%
58 0 0% 0 0%
76 0 0% 0 0%

Effect of magnesium nitrate on corrosion under magnesium
chloride droplets.—Figure 5a shows an example of a test on 304L at
36% RH in which both chloride deposition density (CDD) and nitrate
deposition density (NDD) are varied between 8.5 and 850 wg/cm?
and 0 and 850 pg/cm?, respectively. The micrographs show that at
high CDD and low NDD, corrosion is observed in the form of pits
surrounded by rust-like corrosion product. At high enough NDD, how-
ever, no rust is observed and corrosion is inhibited. Corrosion product
coverage, which reflects the extent of pitting, varied with CDD, with
higher CDDs leading to more extensive rust coverage and sufficiently
low CCD (<25 jLg/cm?) resulting in substantially less rust. Increasing
the NDD for fixed CDD did not appear to affect the corrosion product
coverage, until a cutoff where corrosion was inhibited, hence no rust
was observed.

In all cases, corrosion was observed in the form of pits (Figures
5b and 5e). There was usually a single pit beneath each corroded
droplet, although multiple pits were also observed under some con-
ditions. Multiple pits were more common under lower CDD droplets
(<25 pg/em?) at 36% RH and 58% RH on 304L samples, but were
also observed in other conditions. In some cases precipitation of salt
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crystals was observed. Under some precipitates (e.g. Figures 5d and
5g), pitting was observed.

Figure 6 shows the full set of results for both 304 and 316L under
a range of humidities (36-58% RH). For 304L, at higher CDD and
lower NDD values, all four tests for each condition showed corrosion
(complete black circle) for most conditions. Above a critical NDD
value, no corrosion was observed (open circle). However, for 304L
at 36% RH (Figure 6a), as the NDD value increased further, some
salt precipitation was observed in the droplets (superimposed light
gray square). The precipitate was expected to be MgNOs, as all tested
humidities were above the deliquescence point for MgCl,. At the
highest NDD value (850 jg/cm?), one or two examples of pits that
were assumed to have initiated under salt crystals were observed
(partially filled circle on a light gray square). This interpretation was
based on the distribution of corrosion products (see Experimental
Method).

In all conditions, 316L and 304L showed similar overall trends in
corrosion susceptibility as a function of CDD and NDD, but 316L
generally showed a lower probability of corrosion than 304L, par-
ticularly at 47% RH. In this paper, given the overall low corrosion
probability for 316L (giving poorer statistics) and given that the effect
of inhibition is more difficult to distinguish from the inherent corro-
sion resistance of the alloy (as shown by the control tests), inhibition
ratios are generally evaluated on the basis of results on 304L and
consistency with 316L is noted.

All tests indicated that corrosion inhibition is achieved on both
alloys above specific NDD:CDD ratios. The effectiveness of nitrate
as an inhibitor appears to be greater at higher humidity (i.e. less ni-
trate relative to chloride is required for inhibition at 58% RH than
at 36% RH). No difference was observed between the critical ra-
tio for corrosion inhibition for 304L and 316L. At low humidity
(~36% RH), an inhibition ratio (NDD:CDD) between 1 and 3 on a
mass basis can be inferred from these measurements (as shown in
Figure 6 for 304L), decreasing to values below 1 at higher humidities
(58% RH).

Figure 5. 304L plate with 3.3 mm diameter droplets of MgCl, + Mg(NO3), after 7 day exposure at 31°C, humidity of 36% RH, before DI rinse. (a) macrograph
of the whole sample. (b-g) optical micrographs of droplets shown in (a) after DI rinse; (d,g) after further ultrasonic wash.
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Figure 6. Data from 304L ([a], [c] and [e]) and 316L ([b], [d] and [f]) plates with 3.3 mm diameter droplets of MgCl, + Mg(NO3); solutions, exposed to humidity
of 36% RH (a, b), 47% RH (c), 46% RH (d) and 58% RH (e, f). The fraction of each circle that is filled corresponds to fraction of droplets which showed corrosion
(out of four tests). The data below the break in the y-axis indicates solutions with NDD of 0 pg/cm?. Solution compositions where any salt crystals were observed
that are assumed to have formed before any pitting (see Experimental Method) are indicated with gray squares. Salt crystal formation was highlighted if only a
single instance within the four tests was observed. The thermodynamically predicted boundary for precipitation has been indicated in (a) calculated using OLI
Analyser 9.2.,'8 NB: this boundary has not been indicated nor calculated on any other plot.

As noted above, at low humidities instances of corrosion sites
developed after crystallization were observed (e.g. Figure 5a). These
results indicate that, at low RH, inhibition may be lost or reduced due
to the removal of nitrate from solution owing to formation of nitrate
crystals and/or owing the formation of micro-crevices under these
precipitates.

Further linear tests were conducted on 304L plate to explore con-
ditions around the NDD:CDD threshold. In these tests the NDD was
varied linearly, while the CDD was kept constant (at a value of ~1230
wg/em?). A typical example (plate exposed at 47% RH) is shown in
Figure 7, while data from the full set of tests is shown in Figure 8.

As in the logarithmic tests, increasing the NDD showed clear
evidence of corrosion inhibition. Similarly, increasing exposure RH
reduced the NDD:CDD ratio required at which corrosion inhibition
was observed (Figure 8). From these tests, with finer increments than
the logarithmic tests, inhibition effects can be seen to commence for

Nitrate deposition density
(Hg/ecm?)

860 ! 1075

1720 11935 12150

1290

e

Figure 7. 304L plate with 3.0 mm diameter droplets of MgCl, + Mg(NO3),,
exposed at 31°C and at 47% RH for 7 days. Image taken after exposure, before
DI rinse. Constant chloride deposition density of 1230 jg/cm? for each droplet,
nitrate deposition density varied as shown.
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Figure 8. 304L samples with fixed CDD of at 1230 pg/cm? and linearly increasing nitrate deposition density (NDD) in steps of 215 pg/cm?. 3.0 mm diameter
droplets, exposed for 7 days at 31°C and humidity as shown. Plot shows number of corroded droplets (out of four repeats) for each NDD:CDD ratio and humidity.

NDD:CDD ratios above 0.1-0.5 on a mass basis, with full inhibition
achieved at values of the order of 0.7-1.6, depending on exposure
humidity.

Figure 9 shows the relationship between the critical inhibi-
tion nitrate:chloride ratio on both a deposited mass density basis
(NDD:CDD) and a molar basis (NO;:Cl™), as a function of RH
from both logarithmic variation and linear tests. For the logarithmic
tests the “corrosion” point is the highest NDD:CDD ratio at which
any corrosion was observed across all CDDs (0.85-850 jLg/cm?), ex-
cluding droplets with salt precipitates. The “no corrosion” point is
the lowest value of the NDD:CDD ratio above the “corrosion” point
(across all CDDs) at which no corrosion is observed. The linear vari-
ation data is plotted in the same way, but is relevant only for a single
CDD (1230 pg/cm?).

Figure 10 shows the inhibition ratios presented in Figure 6 as a
function of chloride deposition density (for constant RH). In general,
although there was variation in inhibition ratios with CDD, there was
no clear trend in the variation, indicating no obvious dependence of
the inhibition ratios on the deposition density.

Effect of magnesium sulfate on corrosion under magnesium
chloride droplets.—Figure 11a shows an example (at a humidity of
46% RH) of a test varying both chloride deposition density (CDD) and
sulfate deposition density (SDD) between 8.5-850 jLg/cm? and 0-850
pg/cm? respectively on 304L. The micrographs show that corrosion
is observed in most conditions, in the form of pits surrounded by rust-
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like corrosion product. In this example, corrosion was not prevented
by the addition of sulfate for all tested values of SDD:CDD. As in the
case of nitrate tests, corrosion (amount of rust observed) decreased
significantly at low CDD, particularly below 25 pg/cm?.

Corrosion was generally observed in the form of pits (Figures 11b
and 11e), with multiple pits more common under low CDD droplets
(<25 pg/em?) at 36% RH and 58% RH humidity. Crevice-like attack
was also observed under some droplets where MgSQ; salt precipitates
had acted as crevice formers (Figures 12c, 12d). Droplets with a high
SDD:CDD ratio showed evidence of salt precipitation (Figures 11d
and 11g). In general, the extent of precipitation was much greater than
that observed in MgCl, + Mg(NO;), experiments, with precipitates
observed at higher relative humidity and lower IDD:CDD ratios than
those seen with Mg(NOs),.

Figure 13 shows the full set of results for the effect of sulfate on
both 304L and 316L at a range of relative humidities (36-58%). Salt
precipitation was observed on both alloys across all humidities tested,
particularly at higher SDD:CDD ratios. This was expected to be a
MgSO, precipitate as all tested humidities are above the deliquescence
point for MgCl,. On 304L, no significant inhibition was observed at
any relative humidity values across the full CDD range, though no
corrosion was observed in high CDD (250 and 850 jLg/cm?) droplets
with SDD:CDD ratios of 1 at 58% RH.

As noted above, from control tests (Table III) the probability of
corrosion under magnesium chloride solutions on 316L (20-70%) is
generally lower than 304L (80-100%), making it more difficult to

2
-E-No Corrosion - Log
-©-No Corrosion - Linear | 15
-o-Corrosion - Linear .
O —&-Corrosion- Log 4 T
o
4
05
—+ 0
70

Relative Humidity (%)

Figure 9. Nitrate:chloride inhibition ratio based on deposited mass (NDD:CDD) and molar basis (NO3:Cl™) as a function of RH. Data are taken from both
logarithmic variation tests on 304L and 316L (Figure 6), and linear variation tests on 304L (Figure 8). Filled data points (“Corrosion”) show the highest
nitrate:chloride ratio at which pitting was observed across the range of CDDs examined. The open data points are the lowest value of the NDD:CDD ratio above

the Corrosion point which showed no corrosion.
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Figure 10. Nitrate:chloride inhibition ratios (NDD:CDD) on (a) 304L and (b) 316L alloys, at 36% RH, 46/47% RH and 58% RH, based on ‘logarithmic tests’
(Figure 6). Data points correspond to lowest NDD:CDD ratio where corrosion was not observed, data labels indicate NDD/CDD value. Droplets showing salt
crystallization have been omitted. Filled data points in (a) at 1230 wg/cm? indicate ratios from linear tests (Figure 8). CDDs with no data point indicate conditions

where inhibition was not observed.

assess inhibition effects on this alloy. However, comparing the prob-
ability of corrosion in Figure 13 with the results of Table III suggests
that, whilst limited inhibition was observed at 36% RH, some inhibi-
tion was observed at a relative humidity of 58%, although the fraction
of droplets showing corrosion was variable even at low SDD:CDD
ratios. At 46% RH, the limited incidence and high variability of oc-
currence of corrosion in both the control and main tests was too great
to determine any inhibiting effects. Corrosion variability was lower at
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36% RH, but no clear trends in inhibitive effects of sulfate could be
seen in this condition.

Further tests were conducted on 304L plate investigating linear
variation in SDD while keeping CDD constant. The sample exposed
to 58% RH humidity is shown in in Figure 14, while a summary of
the whole set of tests at different humidity values is shown in Figure
15. Plates exposed at 35% RH and 47% RH showed no clear signs
of inhibition with increasing SDD:CDD ratios. At 58% RH, however,

Figure 11. 304L plate with 3.3 mm diameter droplets of MgCl, + MgSOy after 7 day exposure at 31°C, humidity of 46% RH, before DI rinse. (a) micrograph
of the whole sample. (b-g) optical micrograph of droplets shown in (a) after DI rinse; (d,g) after further ultrasonic cleaning.
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Figure 14. 304L plate with 3.3 mm diameter droplets of MgCl, + MgSOy,
exposed at 31°C and at 58% RH for 7 days. Image taken after exposure, before
DI rinse. Constant chloride deposition density of 1230 pwg/cm? for each droplet,
sulfate deposition density varied as shown.

inhibition was observed between SDD:CDD ratios of 0.54 and 1.63.
In droplets at higher SDD:CDD ratios, both salt precipitation and
Figure 12. Examples of corrosion morphologies observed in 3.3 mm droplets corrosion were observed, with all cases of corrosion occurring under
of MgCl, + MgSOy, where MgSOy precipitates affected corrosion site devel- precipitated droplets.

opment. Both samples were 304L, exposed at 31°C. (a,c) 36% RH, 85 pg/cm?
CDD, 850 jg/cm? SDD. (b,d) 58% RH, 8.5 pg/cm? CDD, 850 jg/cm? SDD.

Effect of calcium sulfate on corrosion under magnesium chloride
or calcium chloride droplets.—A preliminary investigation into the
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Figure 15. 304L samples with fixed CDD of at 1230 pg/cm? and linearly increasing sulfate deposition density (SDD) in steps of 670 pwg/cm?. 3.0 mm diameter
droplets, exposed for 7 days at 31°C and humidity as shown. Plot shows number of corroded droplets (out of four repeats) for each SDD:CDD ratio and humidity.
At an SDD:CDD ratio of 0.54 on the 35% RH test, two droplets were discounted due to a deposition error, and the pitting fraction is thus out of two (indicated by

an asterisk *).

effects of calcium sulfate on corrosion was conducted under both
magnesium and calcium chloride solutions. In contrast to the work
presented so far, these tests were only carried out on 316L and across
an elevated range of humidities (46-76% RH, compared to 36-58%
RH used previously).

Figure 16 shows a typical sample used to investigate the effect of
CaSOy on pitting under CaCl, solution on 316L stainless steel. 2 uL.
droplets were used (2.3 mm diameter). The CDD was kept constant at
1200 pg/cm?, while the SDD was varied linearly between 0 and 1200
wg/em?. The CaSO,4 was pre-deposited onto the samples as a 2 pL
suspended solution over a period of ~7 hours, and allowed to dry. The
CaSO, was then over-deposited with chloride salt. Where an SDD of
0 jLg/cm? was intended, the plate was pre-deposited with DI water.

No inhibition due to the presence of CaSO4 was seen in these
tests. In general the extent of corrosion was very low, with only 23/330
droplets showing signs of corrosion (16 of these corroded droplets can
be seen in Figure 16). Similar to what observed in control experiments,
corrosion occurred more frequently under CaCl, droplets than under
MgCl, droplets (16/165 vs. 7/165 cases, respectively). The incidence
of corrosion (about 10%), however, was similar to or even lower
than that of the control experiments (20%), indicating limited (if any)
inhibition effects. In all cases, corrosion was observed in the form of
pits. CaSO4 was highly insoluble, with a solid phase observed in all
droplets with any CaSO, addition.

SDD (ug/cm?)

240 480 600 720 840 960 1080 1200

360

5 mm

Figure 16. 316L with 2 pL droplets (2.3 mm diameter) with mixtures of
CaCl, and CaSO4. The CDD was 1200 jg/cm? for each droplet, while the
sulfate deposition density (SDD) was as shown (pre-deposited as CaSOy). 7
day exposure at 31°C, 46% RH. Image taken after exposure, before DI wash.

Discussion

The tests presented in this study were designed to evaluate the
corrosion behavior of stainless steel in conditions of defined salt de-
position densities. It was generally observed that, in both nitrate and
sulfate tests, the corrosion product (rust) coverage under droplets (a
good indicator of the amount of corrosion damage) was dependent on
the CDD, with higher CDDs resulting in more extensive rust deposits
(Figure 3a). Rust coverage tended to be relatively small at CCDs be-
low 25 pg/cm? and greater at higher values. These observations are
consistent with findings in pure MgCl, reported in previous studies.’

The expected range of CDDs within stores over the storage period
is likely to be on the order of between 1-100 pg/cm?, with the higher
levels of CDD expected to accumulate toward the end of the storage
period.? This range is lower than that in many of the results shown
here. However, as shown in Figure 10 there is relatively little change
in inhibition ratio with CDD, and there is generally good agreement
between logarithmic and linear variation tests, which support the idea
that inhibition ratios obtained at higher CDD ranges (as in this work)
are likely to be applicable also to the lower CDD conditions found in
stores.
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Figure 17. Calculated anion concentrations with respect to equilibrium RH,
for solutions containing (a) MgCl, and Mg(NO3),, including pure solutions;
and (b) MgCl, and MgSOy, including pure solutions.'® Solution compositions
are indicated on the relevant graphs. Note that the plots for solutions with a
1:1 anion composition overlay each other.
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Exposure humidity.—The effect of the exposure humidity on the
overall corrosion behavior in these tests can be evaluated by examining
the control droplets (i.e. droplets with no nitrate or sulfate additions) on
each sample. Across all logarithmic, tests the likelihood of corrosion
occurring on both 304L and 316L was highest at a humidity of 36%
RH (67 corroded droplets out of a total of 80), next at 58% RH
(59/80), and lowest at 46% RH (42/80) (Table III). At lower humidity,
the concentration of chloride in the droplet will be highest, providing a
more aggressive chemistry for pitinitiation (see Figure 17 for trends on
anion concentration with respect to exposure RH).* According to this
view, the most aggressive condition is expected to be at humidity just
above the deliquescence point of MgCl,, ~32% RH, with the solution
decreasing in aggressiveness with increasing humidity.>> A higher
RH, however, will also increase the volume of the droplet, which,
given that the droplets generally have the same diameter, leads to an
increase in droplet height. In addition, in concentrated solutions, there
is an increase in electrical conductivity as MgCl, solutions become
more dilute.?* Thus the IR-drop between any initiating anodic site and
the cathode area is likely to be decreased as the RH increases, leading
to a larger interfacial potential to drive the corrosion reaction.!:*
It is speculated that the lowest level of observed pitting at 46% RH
(particularly in control tests) may perhaps be explained as a cross-over
point between these two factors, where the increase in concentration
compared with 58% RH has increased the IR-drop within the droplet,
but the chloride concentration is still not at its most aggressive to allow
a critical corrosion chemistry to fully stabilize within a corrosion site.

Chloride dilution.— Although the inhibition mechanism of either
nitrate or sulfate salts on pitting corrosion is not the focus of this
work, it is worth highlighting an additional factor which may play a
role under atmospheric conditions not found in full immersion tests.
The concentration of a pure MgCl, droplet in equilibrium with an
RH of 60% is ~7 M [CIl~]. However, the chloride concentration in a
mixed MgCl,, Mg(NO3;), droplet (C17:NO3;~ = 1:1) in equilibrium
with the same humidity is ~3.5 M (Figure 17a). Chloride concentra-
tion is known to be a key factor in pitting corrosion.?** The ‘dilution
effect” of adding another salt into solution with a chloride salt, even
if the added salt is not itself an inhibitor may change the chloride
concentration of the solution for a given equilibrium RH such that
corrosion does not take place. The effects of the inhibitors below can-
not be fully explained by this phenomenon alone, but it is highlighted
here as an additional factor to keep in mind when interpreting mixed
salt systems under atmospheric conditions.

Droplet size.—Tests using both 4 pL and 2 L droplets on 3161
stainless steel were used in this study, with diameters of ~3.3 mm
and ~2.3 mm, respectively. Larger droplets were more likely to cause
corrosion; small droplets failed to cause corrosion at a humidity of
58%RH, while 48% of equivalent larger droplets caused corrosion
under the same conditions. While this was not the main focus of
the experiment, it may support the idea that corrosion is cathodically
limited since increasing the droplet size increases the coverage of the
electrolyte over the metal surface, thus increasing the available area
for a cathodic reaction to take place.”">*3 As such, the propagation
of initiation sites to stable and visible pits may be limited or even
impeded under small droplets. Another factor may be that smaller
areas of electrolyte are less likely to cover a suitable initiation site
from which stable pitting can propagate.

It is also worth considering that the deposition method for the
2 wL droplets was different to that for the rest of the 4 L droplets, in
that the droplet area was pre-deposited with a CaSO, solution prior to
the deposition of the chloride solution, which was then allowed to dry.
It has been shown that the composition of the passive layer on 304
and 316 stainless steels can be affected by the exposure environment,
specifically by the presence of a water layer. Cr enrichment has been
found in the passive layer during the first stages of exposure to a
wet-dry cycling process, which the deposition and then drying of a
CaS0, solution may mimic.?” As such, the passive layer present for the
2 pL droplets may well be of a composition more resistant to corrosion

than that present for the 4 L tests, where there was no pre-deposition
of an aqueous solution before the deposition of chloride.

Alloy comparison.—Critical inhibition ratios for nitrate were
found to be the same on both 304L and 316L alloys, within the
experimental resolution (0.3, 1, 3 NDD:CDD ratios), though the fact
that in control experiments 316L showed fewer instances of corrosion
than 304L made it more difficult to evaluate any inhibition effects on
this alloy.

In the case of sulfate, no inhibition was observed at 36% RH or
46% RH, but some evidence of inhibition was seen at 58% RH on both
304L (linear tests and logarithmic tests at CDD >250 pg/cm?) and
316L (logarithmic tests). The ratio for inhibition from MgSO,4 on 316L
was lower than that seen on 304L (0.1-0.3 compared with 0.3-0.5,
SDD:CDD, respectively) and was independent of CDD. Corrosion
under MgSO, precipitates was observed on 304L at 58% RH, and
not observed (for the most part) in the same experiments on 316L.
The total number of corroded droplets was less on 316L than on 304L.
These differences in corrosion behavior are likely to be attributed to the
addition of molybdenum in 316L, which acts to decrease susceptibility
to pitting.’%%

Nitrate inhibition.—The inhibiting effects of nitrate on corrosion
under chloride containing droplets are clear from both logarithmic
and linear variation tests on 304L and 316L (Figure 9). The effective
NDD:CDD inhibition ratio was seen to be dependent on the exposure
humidity, with increasing humidity lowering the required ratio. While
tests on 304L carried out in these studies can be considered easier
to interpret than those obtained on 316L (due to the lower baseline
incidence of pitting in the latter in control experiments in the absence
of nitrate), similar values of the inhibition threshold were found on
304L and 316L.

The results based both on logarithmic tests at CDDs between 0.85
and 850 pg/cm?, and on linear tests at a CDD of 1230 jg/cm?, are
summarized in Table V, which presents anion deposition density ratios
required to obtained corrosion inhibition of all samples in a given
condition (inhibition of corrosion in some but not all droplets was
observed at lower values). Ratios are presented in terms of deposition
density (a commonly measured parameter in atmospheric corrosion
studies), deposited molar ratio, and calculated activity ratio.'® The
values from the linear and logarithmic variation tests are consistent,
with the inhibition ratios found in the linear tests falling generally
within the range observed by the logarithmic tests. The NDD:CDD
inhibition ratio determined from the logarithmic tests is more reliable
since there were 20 droplets for each condition rather than 4 for the
linear tests. However, the finer composition increments of the linear
tests suggest that the inhibition ratio is likely to be closer to the lower
limit than the upper limit set by the logarithmic tests.

Examples of inhibition ratios for nitrate on 304 reported in other
studies based on experiments in bulk solution are presented in Table
VI. On a concentration (molar) basis, typical inhibition ratios (ni-
trate:chloride) are of the order of 0.2-0.4, which are somewhat lower
than those observed at relative humidities of 35% and 46% in this
study. At a higher humidity of 58% RH, however, the inhibition ratio
approaches the upper end of those found in the literature. It is notewor-
thy that increasing the humidity (and hence the dilution of the droplet
system) leads to conditions more similar to those typically present
in tests in bulk solution, and results in lower values of the inhibition
ratios, leading to values more similar to those found in the literature.

On an activity basis, results in bulk solutions found in the liter-
ature are more similar to those estimated in atmospheric conditions
in this study across the RH range tested. In dilute conditions (high
RH), again the predicted convergence with data from bulk solutions
is somewhat unsurprising. The reasonable agreement in more con-
centrated solutions (lower RH), however, is an important result, and
provides confidence in the inhibition ratios found in this study.

Few studies describe variation in critical inhibition ratio in differ-
ent conditions, in particular in respect to solution concentration. An
exception is the work of Leckie and Uhlig and Uhlig and Gilman, who
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Table V. Summary of nitrate:chloride inhibition ratios for both logarithmic (304L and 316L together) and linear (304L) variation tests
(Figure 9) on a mass, mole, and activity basis. Logarithmic tests summarize results obtained with CDDs between 0.85-850 pg/cm?, showing
the most conservative results (highest ratios), and give the range in which the inhibition ratio lies. Linear tests, at a CDD of 1230 pg/cm?, give the
inhibition ratio as the lowest nitrate:chloride ratio at which pitting was no longer observed. In all cases the inhibition ratios presented were those
required to achieve inhibition for all samples tested, though some inhibition effects were observed at lower ratios. NO3~:Cl™ ratios are calculated
from deposited solution composition. Activity ratios are calculated using OLI Analyser 9.2.18

NDD:CDD NO3;~:Cl~ {NO;~}:{CI"}
Relative humidity 35% 46% 58% 35% 46% 58% 35% 46% 58%
Logarithmic variation (304L and 316L) 1-3 1-3 0.3-1 0.6-1.7 0.6-1.7 0.2-0.6 >0.28* 0.33-1.1 0.12-0.39
Linear variation (304L) 1.6 0.9 0.7 0.9 0.5 0.4 0.47 0.29 0.26

* Activity ratio for the upper limit could not be calculated as solution is thermodynamically unstable.

developed a relationship between the inhibition ratio and the chloride
activity.”!! However, they predicted that the critical {NO;~ }:{CI"}
inhibition ratio would decrease as {Cl~} increases.!' The opposite
trend is seen in the present work, where a lower humidity, and thus a
higher {Cl~}, required a higher {NO;~ }:{Cl~} ratio for inhibition.
It is important to point out that this relation was calculated by Uhlig
et al. via full immersion electrochemistry for anion activities below
1 (i.e. dilute conditions compared to atmospheric systems), and this
may explain the discrepancy between it and the data derived from high
concentration atmospheric testing produced in this work. It is worth
noting that even the work undertaken at a chloride concentration of
3.12 M by Uhlig and Gilman is still not sufficient a concentration to
cause pitting corrosion of 304L under atmospheric conditions using
magnesium chloride.?*

For droplets below the inhibition threshold, the amount of rust
observed appeared to be independent of the amount of nitrate within
the droplet (e.g. Figure 5). The extent of rust coverage is a reasonable
proxy for pit volume, which was not measured in the current work.
This suggests that nitrate addition does not have a significant effect
on pit growth propagation kinetics but instead affects whether or not
pits are stable at all. The addition of sufficient nitrate to an active pit
solution has been shown to stifle pit growth and promote passivation
in systems which have formed a salt layer, though active dissolution
(i.e. no salt layer present) was not affected.'®'® Nitrate has also been
shown to eliminate slow rise electrochemical transients, associated
with metastable pitting events which may form a salt layer.>*® Fur-
thermore, nitrate has been shown to affect re-passivation kinetics on
freshly scratched surfaces, with higher nitrate content leading to faster
re-passivation.*’ In the current work, there was no gradual change in
the amount of rust (and, by implication, pit volume) with increasing
nitrate levels up to the point where complete inhibition occurred. This
suggests that nitrate inhibits the early stage of pitting, possibly the
metastable state, rather than pit propagation. This hypothesis is con-
sistent with the idea that metastable pits contain a salt layer, and the
observation that nitrate inhibits pitting in the presence of a salt layer
rather than in the active state.'%*!

Sulfate inhibition.—The inhibition effects produced by sulfate
were more variable than those produced by nitrate. The data for 3161
at 58% RH represent the only case where the exposure humidity
affected the SDD:CDD critical inhibition ratio in a manner similar to

that for nitrate. Moreover, inhibition was only observed with MgSOy,
not with CaSQy,. In environments containing calcium (such as concrete
buildings), sulfate is expected to be present in the form of CaSOy,
originating from concrete dust. Tests carried out on with both CaCl,
and MgCl, mixed with CaSOy solutions indicated that, due to its low
solubility, the presence of CaSQy is unlikely to lead to inhibition under
a wide range of atmospheric conditions.

Table VII summarizes data for the effects of magnesium sulfate on
the inhibition of corrosion for both logarithmic variation tests (CDDs
between 0.85-850 pg/cm?) and linear variation tests (CDD fixed at
1230 pg/cm?). Magnesium sulfate was not clearly seen to act as a
corrosion inhibitor at humidity of either 36% RH or 46% RH on
either 304L or 316L. At 58% RH inhibition was observed on both
alloys.

On 304L, the critical SDD:CDD ratio (on a deposition density
basis) was between ~0.3—1 and was only observed at high CDD
(250-1230 pg/cm?). The reason for the effect of CDD on the inhibit-
ing effects of sulfate on 304L is unclear, though it is important to
note that these levels of CDD are higher than those expected to de-
velop in storage facilities for the majority of their service.> At high
SDD:CCD ratios (>2). precipitation of magnesium sulfate removed
any inhibiting effects (Figure 13e and Figure 15).

On 316L, comparison of control tests with tests containing sulfate
indicated that, like in 304L, some inhibition was obtained at the highest
RH tested (58%). At this RH, the SDD:CDD inhibition ratio was
between ~0.1-0.3, which is slightly lower than that estimated for
304L. In this case, however, inhibition was also observed at lower
CDD values and almost no corrosion was seen to occur under droplets
containing magnesium sulfate precipitates at high SDD:CDD ratios (1
corrosion site in 40 droplets, Figure 13f), indicating that precipitation
had little effect on the inhibition provided (notwithstanding the limited
inherent reliability of tests on 316L).

Examples of inhibition ratios for sulfate on 304 reported in other
studies in bulk solution are presented in Table VIII. On a concentration
(molar) basis, typical inhibition ratios are of the order of 0.2-10 for
sulfate, which are very scattered and substantially higher than those
found in this study. One reason for this may be the definitions used
for ‘inhibition’ in some of the electrochemical tests in the literature,
being a condition under which no pitting was observed up to the
largest applied potential (e.g. ~800 mV vs. Ag-AgCl)."> In compar-

Table VI. Summary of literature data on pitting inhibition ratios on 304 stainless steel and similar alloys for nitrate — chloride solutions.*

3

Alloy Temperature (°C) NO;":CI {NOs }:{CI'} Maximum [CI"](mol/L) Reference
18Cr-8Ni 25 0.4 — 0.56 Rosenfeld and Danilov 19672
304 25 - 0.24 1.0 Leckie and Uhlig 1966'!
304 25 0.2 - 0.5 Yashiro et al. 199713
304* 25 0.2 - 0.2 Bobié and Jedi¢ 2005
18Cr—8Ni - — 0.2 3.12 Uhlig and Gilman 19647

*= an alloy similar to Type 304.
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Table VII. Summary of sulfate:chloride inhibition ratios for both logarithmic (CDDs between 0.85-850 p.g/cm?, 316L and 304L separately) and
linear (CDD of 1230 p.g/cm?2, 304L) variation tests (Figure 13 and Figure 15). Both tests give the range in which the inhibition ratio lies. Values
where an inhibition range was only observed at high CDD conditions (250 — 850 pg/cm? on logarithmic tests, 1230 wg/cm? on linear tests) are
marked with an asterisk (*). SO42~:CI™ ratios are calculated from deposited solution composition. Activity ratios could not be calculated as several

solution compositions were thermodynamically over-saturated.

SDD:CDD S0427:CI~
Relative humidity 35% 46% 58% 35% 46% 58%
Logarithmic variation (316L) X X 0.1-0.3 X X 0.04-0.11
Logarithmic variation (304L) X X 0.3-1* X X 0.11-0.37*
Linear variation (304L) X X 0-0.5* X X 0-0.18*

X = No inhibition observed.
*= Inhibition only observed at high CDDs (>250 g/cm2).

ison, in this work all that may be required to inhibit corrosion is the
raising of the pitting potential above that able to be supplied by the
droplet. As such the upper values given in Table VIII may be over-
estimates for a droplet system. Furthermore the pH of the electrolyte
solutions may have an effect on the critical inhibitor ratio, as sug-
gested by Rosenfeld and Danilov (though it is interesting to note that
Leckie and Uhlig disagree that there is any effect from neutral to low
pH).'"!2 Not all studies report the pH of their testing solutions, which
may introduce some uncertainty in interpreting the current literature
data.

According to studies in bulk electrolytes,'! the critical activity
ratio for inhibition of sulfate to chloride increases with increasing
chloride activity (the opposite to what was predicted in nitrate sys-
tems, but the same relation as has been found for nitrate systems in
the current work), suggesting that the higher chloride concentrations
obtained at low humidities would require higher SDD:CDD ratios.*
This was observed in the current work, where sulfate:chloride ratios
which had inhibited corrosion at 58% RH did not inhibit at 47% RH.
Given the limited solubility of sulfate salts, there is therefore a more
limited range of humidities where inhibition can be expected to oc-
cur, as a solution in equilibrium with a low humidity cannot hold
sufficient sulfate in the aqueous phase as would be required to inhibit
corrosion. If the values listed in Table VIII are indeed representative
of a sulfate:chloride inhibition ratio, then it is likely that such so-
lution ratios are only achievable under conditions of high humidity,
where both chloride and sulfate species can remain in solution without
precipitating.**

There were indications that corrosion product coverage was
reduced in droplets with sulfate contents close to the inhibi-
tion/precipitation ratio. This was most clearly seen on the linear tests.
This suggests that sulfate may affect the propagation of active pits.*?
However, the limited statistics of these tests suggests further work
should be done in order to deliver robust ratios.

Solution precipitation.—Additional complexity in the interpreta-
tion of these tests is associated with the case of corrosion following
precipitation of salts. In static humidity tests (such as those presented
here) in which precipitation was observed to develop over time, pre-
cipitation occurs as a result of solution supersaturation. In mixed salt

solutions, precipitation depends on both the humidity and the ratio
of salts (it does not depend on the total deposition density of dif-
ferent salts). These factors will affect whether, when precipitation
starts, salts containing inhibitor or chloride will form, followed, at
the efflorescence point, by precipitation of both inhibitor-containing
and chloride-containing salts (see below). For a given IDD:CDD ratio
(where IDD is “inhibitor deposition density”, representing either ni-
trate or sulfate), the effect of precipitation in removing ions from
solution should be independent of the deposition density of each
salt.

For MgCl, + Mg(NO3), mixtures, in droplets at NDD:CDD ratios
23, precipitation was observed at 36% RH and 46% RH, though
two instances of precipitation at NDD:CDD ratios <3 were observed
(Figure 6b). At 36% RH on 304L corrosion was observed under some
of these droplets. This indicates that, even when saturated in inhibitor,
a solution containing a solid salt phase can undergo corrosion. In the
case of nitrate salts, corrosion under precipitates was only observed
at low humidities (36% RH) and may affect the corrosion behavior of
stainless steel in relatively dry conditions.

Much more substantial precipitation was observed in sulfate solu-
tions. In the case of MgSO, on 304L, inhibition was only observed
at relatively high humidities (58% RH) and CDDs (>250 pg/cm?)
but was effectively lost at higher SDD:CDD ratios when precipita-
tion occurred. In a droplet containing both aqueous and solid sulfate
phases, the aqueous phase must be at saturation. It is notable that in-
hibiting effects were lost when saturation was observed, even though
the solution concentration of sulfate was theoretically at its maximum
value, and had shown inhibiting effects previously. This suggests that
either (a) a greater inhibition ratio is required to prevent corrosion
underneath solid deposits or (b) the systems which showed evidence
of sulfate inhibition were in fact super-saturated, and the precipitation
brought the aqueous solution sulfate content down below inhibiting
levels.

Thermodynamic modelling of these binary salt systems does in-
dicate that super-saturation of droplets was occurring in systems just
beyond thermodynamic saturation. Figure 6a shows experimental data
overlaid with the theoretical saturation point of Mg(NO3), under these
conditions. While precipitation was observed in some cases in sys-
tems above this threshold, it was not seen in all cases, suggesting

Table VIIL. Summary of literature data on pitting inhibition ratios on 304 stainless steel and similar alloys for sulfate — chloride solutions.*

3

Alloy Temperature (°C) S042:Cl~ {SO4*~ }:{CI™} Maximum [C~](mol/L) Reference
18Cr-8Ni 25 2,10* — 0.56 Rosenfeld and Danilov 19672
304 25 - 1.15 1.0 Leckie and Uhlig 1966'!
304 25 0.2-5 - 0.5 Yashiro et al. 1997!3
3047 25 5 - 0.2 Bobi¢ and Jedi¢ 2005

*Inhibition ratios varied with pH, with ratios of 2 observed for pHs of 2 and 12, and a ratio for 10 observed for a pH of 7.
**an alloy similar to type 304.
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Figure 18. Schematics of the (a) phase and (b,c) possible corrosion behaviors
of a general mixed salt system, composed of salts I (inhibitor) and C (chloride),
in relation to the equilibrium ambient humidity. I*/C is the eutectic point of
the system; the I°"Y/C line (b,c) is defined as the solution ratio over which
corrosion is inhibited, for which two specific dependences on RH are assumed
for illustrative purposes.

that some droplets were maintaining a thermodynamically unstable
concentration of salts.

Mixed salt phases at variable humidities.—In single salt sys-
tems, the humidity and deposition density together control the ex-
tent/continuity of any moisture film or droplet developed on exposed
surfaces, which controls the overall amount of cathodic surface able
to drive corrosion damage and hence the extent of damage (as noted
in other studies as well as in this study).>?"-3 In studies with mixed
salts, however, the relative deposition density of different salts also
affects the wetting behavior of the system.

Figure 18a shows a schematic phase diagram of a binary system
containing salts I (inhibiting salt) and C (chloride salt), which have
no mutual solubility in the solid phase, as a function of composition.
The eutectic point is at RH* and a concentration fraction I*/C. This is
the lowest RH at which a liquid phase can be found. To the left of this
composition (an overall composition rich in C), in the L+C(s) region,
solid C will be found, with a solution concentration (given by the tie
line to the liquidus) that is richer in I than the overall composition. To
the right of the eutectic composition (overall composition richer in I),
in the L+I(s) region, solid I will be found with a solution composition
given by the tie line that is richer in C than the overall composition.
However, in the liquid region (L), the composition of the solution is
identical to the overall composition.

The corrosion behavior of a mixed salt droplet can be considered
by assuming that there is a critical ratio of inhibitor:chloride, it C,
required to inhibit corrosion (this value may vary with RH). Two sys-
tems with different example inhibitors (and inhibitor behaviors) are
shown in Figure 18. In general, it is the absolute I/C ratio on the surface
and its relationship with I°"/C which is of prime importance in pre-
dicting corrosion behavior. Depending on the variation of I°'/C with
RH, however, the humidity may still need to be taken into account,
both in terms of changes in inhibition ratios as a function of concen-
tration/activity (as seen in this work for nitrate) and, at relatively low
RH, in terms of any precipitation effects that may occur.

ek 304L,
z 316L
.g 0.5 S~o u|
% 0.4 aqFl:l:gus ///
'g 0.3 Z %

_ Mg, + Mg(No,),
0.4 0.5 0.6 0.7 0.8 0.9 1
Anion ratio (NO; / (CI"+ NO5Y) )

%
! Precipitation ///
02 PPN
0 0.1 0.2 0.3

[No Corrosion—Log O No Corrosion — Linear
[l Corrosion - Log @ Corrosion — Linear

Figure 19. Saturation conditions fora MgCl, + Mg(NO3), mixed salt system.
Calculated at 30°C using OLI Analyser 9.2, MSE database. Corrosion and
inhibition data on both 304L and 316L alloys has been overlaid (data from
Figure 9). Solution water activity is equivalent to equilibrium relative humidity,
i.e. water activity x 100 = RH%.

Figure 18b shows a system where I°/C crosses the liquidus line to
the left of the eutectic (I*/C). In such a system, variations in humidity
will never cause sufficient inhibitor salt to be precipitated, and thus
removed, from the liquid phase to allow corrosion (i.e. to bring I/C
below I/C). In this case, the dependence of the corrosion behavior
on the RH may be limited, though the variation of I°?/C with RH in
this example does allow the system to become uninhibited for certain
values of I/C at higher RHs. Figure 18c, conversely, shows an inhibitor
with I°t/C crossing the liquidus to the right of the eutectic point. In this
system, even in inhibitor-rich systems (i.e. I/C > I/C), sufficiently
low RH may cause I (the inhibitor salt) to precipitate, removing it from
solution and potentially allowing the solution composition to decrease
below I°*/C. In such a case, both the salt ratios and the humidity are
of key importance in predicting the corrosion behavior of the system.

These considerations illustrate a simple I°'/C dependence on RH,
and it should be highlighted that any real dependence may be more
complex than a simple linear relation. It also assumes that the forma-
tion of precipitates has no effect on the value of I°'/C. If this is not
the case, the system will display additional complexity, displaying a
larger number of possible behaviors but also becoming more difficult
to generalize (i.e. the complexity will depend on the functional form
of the solution concentration (I/C), and inhibition ratio (I°/C), with
the relative humidity).

Figure 19 and Figure 20 show thermodynamic saturation curves
for MgCl, + Mg(NO3),, and MgCl, + MgSO, systems, respectively,
together with the experimental data obtained in this work. For the ni-
trate system, the data points show experimental findings for corrosion
and inhibition as a function of water activity (determined from RH)
and anion fraction taken from Figure 9 (largely based on 304L, but
considered applicable to 316L). For the sulfate system, results from
the linear tests on 304L and the logarithmic tests on 316L have been
shown.

The nitrate system in Figure 19 shows similarities with the model
system suggested in Figure 18c, with I'*/C increasing with decreasing
RH, and crossing the liquidus to the right of the eutectic point. In the
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Figure 20. Saturation conditions for a MgCl, + MgSO4 mixed salt system.
Calculated at 30°C using OLI Analyser 9.2, MSE database. Corrosion and
inhibition data for 316L (logarithmic tests, squares) and 304L (linear tests,
circles) have been overlaid. Solution water activity is equivalent to equilibrium
relative humidity, i.e. water activity x 100 = RH%.
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conditions tested, any dependence of the inhibition effect from the
relative humidity is likely to be associated with changes in anion
activity as a function of RH rather than precipitation effects, although
precipitation effects may be expected to potentially play a role at
particularly low RH.

The sulfate system in Figure 20, conversely, lacks sufficient data to
establish an I°"'/C trend, although it is interesting to see that inhibition
was observed in conditions where sulfate precipitation was expected
(based on thermodynamic calculations) but not observed. As such,
one may conclude that inhibition was only seen in cases of super-
saturation, and not in thermodynamically stable conditions.

It is clear that, in order to fully assess atmospheric systems consist-
ing of mixed salts, thermodynamic modelling is a key tool to predict
and interpret the appearance of different chemical phases from so-
Iution, and to give insight as to the evolution of corrosion behavior
when the exposure conditions of these systems changes. In this work,
thermodynamic calculations (in line with the well-established theory
of phase separation) and experimental work have shown that a liquid
phase containing a corrosion inhibitor (either nitrate or sulfate in this
work) may be present in mixed salts below the saturation point (i.e. at
lower RH) of the inhibiting salt, thus affording some corrosion pro-
tection. Precipitation/dissolution of either corrosive and/or inhibiting
salts as the RH varies will change the chemistry of the aqueous solu-
tion, with the potential to increase or decrease the amount of inhibitor
present in solution, and so affect whether or not corrosion will occur.

Combinatorial droplet tests have been shown in this study to be
an excellent method for investigating such atmospheric systems, al-
lowing a large range of variables (absolute deposition densities, in-
hibitor:chloride ratios, alloy, inhibitor type, exposure RH) to be com-
bined with high levels of statistical robustness in order to deliver
results with confidence.

Conclusions

Experiments were carried out on 304L and 316L stainless steels
to assess the ability of nitrate and sulfate to act as corrosion inhibitors
for atmospheric corrosion in chloride-containing environments. Tests
were carried out at 31°C in a range of humidities (between 35-75%
RH) with mixtures of chloride salts (MgCl, and CaCl,) and inhibit-
ing salts (MgNO3, MgSO, and CaSO,) as well as in the absence of
inhibiting salt (control experiments). Deposition densities of chloride
tested ranged between ~8 and 1,200 pug/cm?, compared with levels up
to 100 pg/cm? expected to be relevant to the specific problem studied
(the storage of ILW containers). The results of this study indicate that:

® Magnesium nitrate acts as a corrosion inhibitor on both 304L
and 316L at all humidities tested (between 35% to 58% RH), when the
ratio between the nitrate deposition density and the chloride deposition
density (NDD:CDD, anion mass per unit area) is above a critical
value. This critical value generally decreases as the relative humidity
increases, and is similar for both 304L and 316L. The critical inhibition
ratio on a mass basis was in the range ~1-3 at 36% RH and 46% RH,
and ~0.3-1 for 58% RH, judged across a range of CDDs (0.85-850
pg/cm?).

® Magnesium sulfate does not act as a corrosion inhibitor for
either 304L or 316L at humidities of 36% RH or 46% RH. At 58%
RH sulfate inhibited corrosion of 316L at a critical sulfate:chloride
deposition density ratio (SDD:CDD, anion mass per unit area) within
the range ~0.1-0.3. Sulfate also inhibited pitting of 304L at 58% RH
at a critical SDD:CDD ratio between ~0.3 and 0.5, though only when
the CDD was high, between 250 and 1230 pg/cm?. In general, the
behavior of magnesium sulfate in these tests was not straightforward to
ascertain, given its tendency to precipitate and indications that, when
achieved, inhibition was associated with supersaturated solutions (see
below).

® Precipitation of nitrate and particularly sulfate salts occurred
in high IDD:CDD systems, depending on humidity, and under some
droplets caused a loss of corrosion inhibition. This is suggested to be
caused by either the formation of a more stable corrosion environ-

ment under precipitates (i.e. crevice or under-deposit corrosion), or as
evidence of previous super-saturation of inhibitor in solution.

® A model for the interaction and development of chlo-
ride/inhibitor systems under varying humidities was developed based
on thermodynamic calculations, for use in predicting the behavior of
such systems under conditions close to and beyond saturation.

® Preliminary work on the role of calcium sulfate deposits on
atmospheric corrosion did not give any indication that their presence
influenced pitting susceptibility of 316L stainless steel in the presence
of either magnesium or calcium chloride, but further work is required
to confirm this.
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