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ABSTRACT

Evaluation of metal-based structures has long relied on atmospheric exposure test sites to determine
corrosion resistance in marine environments. Traditional accelerated corrosion testing relies on
mimicking the exposure conditions, often incorporating salt spray and ultraviolet (UV) radiation, and
exposing the metal to continuous or cyclic conditions of the corrosive environment. Their success for
correlation to atmospheric exposure is often a concern when determining the timescale to which the
accelerated tests can be related. Accelerated laboratory testing, which often focuses on the
electrochemical reactions that occur during corrosion conditions, has yet to be universally accepted as
a useful tool in predicting the long term service life of a metal despite its ability to rapidly induce
corrosion. Although visual and mass loss methods of evaluating corrosion are the standard and their
use is imperative, a method that correlates timescales from atmospheric exposure to accelerated
testing would be very valuable. This work uses surface chemistry to interpret the chemical changes
occurring on low carbon steel during atmospheric and accelerated corrosion conditions with the
objective of finding a correlation between its accelerated and long-term corrosion performance. The
current results of correlating data from marine atmospheric exposure conditions at the Kennedy Space
Center beachside corrosion test site, alternating seawater spray, and immersion in typical
electrochemical laboratory conditions, will be presented.

Key words: atmospheric exposure, accelerated corrosion testing, alternating seawater spray, marine,
correlation, seawater, carbon steel, long-term corrosion performance prediction, X-ray photoelectron
spectroscopy.




INTRODUCTION

Lifetime prediction of metal-based structures has historically been based on performance at
atmospheric exposure corrosion test sites. This real-time corrosion environment exposure requires a
long time, often 3-5 years at a minimum, and usually relies on visual and weight loss methods to
quantify the degree of corrosion of a particular metal in a specific environment. These methods are
common and necessary. There is no question that the development of an accelerated method that
successfully correlates results from accelerated corrosion tests to those obtained from atmospheric
exposure would be very valuable." It is also generally agreed that the development of degradation
models, accelerated test methods, and other atmospheric correlations to real-time atmospheric
exposure is a great challenge.”"" To date, no accelerated method has been successful in correlating
atmospheric exposure data to be considered satisfactory for universal use. In fact, at this time, a
solution to that challenge is nearly inconceivable due to all the different parameters that must be
considered.

The variables involved in predicting atmospheric corrosion in any specific environment, such as
temperature, pollutants, and moisture, dictate that accelerated corrosion techniques must be tailored for
each end-use environment.*®'>"® This paper provides a review of various challenges associated with
correlating results obtained from accelerated corrosion techniques to those from atmospheric corrosion,
primarily for steels in marine environments. A historical review of past work involving the most common
accelerated corrosion test methods will be provided, along with past work in characterizing marine-
induced iron corrosion products. This review was a necessary step in the development of an
accelerated corrosion testing protocol for use in the unique environment at the Kennedy Space Center
in Florida. Environmental variables within different corrosion environments have been studied by
others'*'*'®'8: however, the unique natural environment at the Kennedy Space Center, which includes
sea-salt, moisture, and intermittent rocket exhaust, has yet to be fully understood. The manner in which
spaceport structures degrade is known to a degree, but degradation must be more completely
understood in order to develop methods to predict them.

This objective of this paper is to determine correlations between accelerated and long-term corrosion at
the Kennedy Space Center's Beachside Atmospheric Corrosion Test Site. The Kennedy Space Center
is known to be one of the most corrosive places in North America'® and characterization of this site is
imperative for accelerated corrosion correlations. Environmental factors including monthly chloride and
sulfur dioxide concentration and wave height have been chosen to characterize this site. Corrosion
rates for 1010 steel (UNS 10100) have been monitored for each corrosion environment to determine
general correlations. The initial corrosion product formation is hypothesized to play a large part in
determining correlation discrepancies. Both visual and surface chemistry (X-ray Photoelectron
spectroscopy) methods were used to explain initial corrosion product formation.

BACKGROUND
Atmospheric challenges

Atmospheric corrosion of any metal should be studied in an environment that is the same as or as close
as possible to the end-use environment."”#??' The authors in one study tried to predict the corrosion
damage of metals in the atmosphere from meteorological and pollution parameters by establishing
universal damage functions from 76 different references.® The model was oversimplified and reinforced
the fact that corrosion prediction is test-site specific. Measured corrosion rates are known to vary widely
from location to location, and also vary based on the initial atmospheric exposure conditions.”®?%%°
One challenge to understand atmospheric corrosion is that the initial environmental conditions, often
seasonal, dictate the degree of initial corrosion product formation®?® and thereby influence the
specimen corrosion rate during the entire test time period. Lloyd et al.** planned to determine the
seasonal influences of corrosion of steel by determining how the time of year chosen to start an
exposure influenced the average corrosion rate. They could not make a satisfactory correlation, and




instead found that specific environmental events played a dominant role in the corrosion behavior of
steel. Because the exposure site was inland, the events corresponded to large storms where pollutants,
such as chloride, were more likely to be carried inland and deposited on the steel panels.

The review of studies throughout the past century has made it clear that many different variables affect
the initial and subsequent atmospheric corrosion of a metal. These variables are primarily considered to
be salt deposition, which can be affected by wind speed, wind duration, and distance from the salt
source, sulfur dioxide and other pollutant deposition, time and type of wetness, environment
temperature, sample temperature, and ultraviolet (UV) radiation exposure. Many studies have singled
out one or only a few atmospheric environmental variables to understand how they impact corrosion.
For example, Fitzgerald et al.'” reported the composition of marine air and its physico-chemical
properties. Morcillo et al."® studied the influence of winds on the salinity values of marine aerosols and
found that salt deposition depends on velocity and time of winds. Morales et al." used thirty-five
different atmospheric exposure corrosion test sites at the Canary Islands to correlate corrosion and
found that salinity depends on the wind patterns at each site. They also concluded that corrosion
prediction models cannot be transferred to different regions; meaning that corrosion studies must be
established for each region rather than try to fit the corrosion behavior of one region into a model that
was originally based on experimental data from a completely different region. Meira et al.'® tried to use
previous data from seven different studies to model sea-salt transport and deposition; however, they
concluded that the marine atmosphere was difficult to model and described it as “a complex
phenomenon that conceals a significant number of influencing variables”. Feliu et al.'> modeled marine
atmospheric corrosion based on the effect of sea distance on chloride deposition. They recognized that
empirical models, based on experimental data, cannot be applied to other geographical locations, and
that marine aerosol, influenced most by wave movement, is also influenced by wind speeds, surf
action, averaged land and sea temperatures, latitude, coastline ruggedness, and undulations of the
land surface, which in turn determine particle size and mass of salt and droplet. The model was
ultimately deemed too simple to make generalizations about the effect of sea distance on sea-salt
deposition.

A series of studies by Corvo et al.”?'?® looked at water adsorption and salt content in atmospheric
corrosion products of steel, how rainfall rates affect the corrosion rate of chloride-induced corrosion,
and how to account for tropical climates when measuring time of wetness (TOW) according to 1SO?
9223 ?. The first two studies revealed that chloride concentration in the atmosphere differed from
chloride concentration on a test specimen. The specimen chloride concentration was directly related to
the rain regime, such that more rain (rinsing) decreased the amount of chlorides available to take part
in corrosion reactions. The last study used two atmospheric test stations located in Havana, Cuba and
Medellin, Colombia to review the accuracy of using ISO 9223 to determine TOW. This is important
when trying to use TOW as a correlation factor. Currently, ISO 9223 states that a surface is considered
“wet” when the relative humidity (RH) is above 80% and the atmospheric temperature (T?) is greater
than 0°C. % In the climates studied, the RH is often over 80% and temperature is always greater than
0°C. When the dew point was lower than the temperature, the surfaces remained dry even at high
humidity; therefore ISO standards would dictate that surfaces are considered wet when they are not.

Accelerated Corrosion Methods

Researchers have used accelerated corrosion techniques to simulate atmospheric corrosion
environments for at least the past 60 years. A 1993 literature survey® reviewed the development of
accelerated laboratory test methods for simulation of atmospheric corrosion. The author determined
that developing a model to understand atmospheric corrosion was challenging in itself, since precise
modeling of all the environmental variables was difficult. Correlations between the accelerated and
atmospheric tests that they reviewed were considered poor due to the fact that, upon examination, less
than 40 percent of variance was explained and errors could be estimated up to 50-70 percent of actual
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corrosion results.”> Common problems they encountered when comparing their own results from
accelerated corrosion testing to atmospheric testing centered around several key points: 1) simulated
cycles produced heavy rusting on the cut edges, and this did not occur in the natural environment, 2)
edge blistering followed by flaking occurred on the naturally exposed specimens and not the
accelerated testing, and 3) the rank order of the accelerated tests was not always the same as for the
atmospheric exposure tests. These discrepancies are common to many studies that try to correlate
accelerated and atmospheric test results. The underlying problem is that the initial corrosion product
formation differs between the techniques. If the manner in which the corrosion products form on the
substrate is markedly different between the tests types, then trying to correlate parameters such as
corrosion rate becomes subjective, and the ability to determine timescale correlations is subjective as
well.

This paper focuses on the most common methods of accelerated testing used in practice, namely
mimicking the atmospheric environment by using frequent cyclic wet-dry conditions, salt spray
chamber, and laboratory electrochemical methods. Several studies are highlighted to give historical
insight into the challenges of these techniques. In one study, the frequency and length of wet-dry cyclic
conditions had a significant effect on the type of corrosion products formed on a substrate surface,
specifically for low-alloyed and unalloyed steels.® When wetting at more frequent cycles, the corrosion
products formed evenly across the steel. When the wetting cycles occurred in longer wet-dry periods,
the corrosion rate increased, and corrosion products formed unevenly across the steel surfaces to
ultimately form localized corrosion and areas of high volume, and often cracked, corrosion. In another
study?® the authors tried to mimic marine atmospheric conditions at an atmospheric urban site by
spraying a sodium chloride (NaCl) solution once a day onto exposure panels; however, the corrosion
rate results for the sprayed panels were much higher than for the natural marine environment. In this
same study, accelerated laboratory tests were performed to simulate cyclic wet-dry atmospheric marine
conditions, in which electrochemical impedance and corrosion potential measurements were made
during the wetting conditions. The authors were able to correlate, to their satisfaction, the atmospheric
results to the corrosion rates calculated from the electrochemical methods, but timescale prediction
modeling was not possible. A study by Corvo et al. exposed specimens to natural atmospheric
conditions in Havana, Cuba in addition to specimens in the same conditions with an intermittent salt
spray step (3 percent NaCl solution). The corrosion rates, in units of mass loss (g/m?), were 9, 15, and
21 times higher for the salt spray specimens when measured sequentially for 1, 3, and 6 months.?'
However, no timescale correlation was developed.

Another study® mimicked the atmospheric exposure of a marine environment in Japan in a test
chamber by first measuring the relative humidity and temperature of the atmosphere and adjusting the
chamber to similar conditions. The test chamber had a spray nozzle that deposited sea-salt at varying
concentrations, and the RH and chamber temperature were constant. The study’s results showed that
the carbon steel panels exposed to the atmosphere had initially corroded more aggressively than the
panels in the chamber. Further investigation found that the panels exposed to the natural atmosphere
had additional moisture from condensation of dew because the temperature of the metal was lower
than the dew point during the nighttime conditions. When this parameter was included in the chamber
testing, the correlation greatly improved such that the corrosion rates for the two exposure conditions,
atmospheric and chamber, were less than 10% different. This study showed that dew condensation
highly influenced corrosion. Salt deposits were not rinsed away during these moisture events, but
instead reactivated existing corrosion cells.

A well-known and often used salt spray method, ASTM® B117,*" has been used to qualify many metals
and paints, despite the fact that no satisfactory correlation to atmospheric timescales has been made.
The ASTM B117 standard has been criticized as not representing or correlating with actual atmospheric
environments."*® A recent review by Frankel' pointed out that even the introduction section of the B117
standard explains its shortcomings: “Prediction of performance in natural environments has seldom
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been correlated with salt spray results when used as standalone data. Correlation and extrapolation of
corrosion performance based on exposure to the test environment provided by this practice are not
always predictable. Correlation and extrapolation should be considered only in cases where appropriate
corroborating long-term atmospheric exposures have been conducted.” Nonetheless, the standard is
widely used to qualify materials because it is a method that is fairly reproducible and constant when so
many variables for natural atmospheric environments are not. A modified version of ASTM B117 was
established to account for the shortcomings, ASTM G85-85 A2,* but this chamber environment only
mimics a limited number of atmospheric conditions. Accelerated corrosion methods, such as ASTM
B117°', ASTM D5894, ASTM G85-A5%°, SAE J2334, and GM 9540P, have been used in comparison to
natural atmospheric marine environments in Hawaii(Sugamoto) and at the Kennedy Space
Center(Matzorf and Miller). In these studies a qualitative prediction of corrosion performance as a
function of accelerated test cycles was possible for some alloy types and not others. A five year study
of coatings on aluminum alloys using ASTM B117, GM 9540P, and ASTM G85-A5 versus exposure at
KSC’s Beachside Atmospheric Corrosion Test Site concluded that no single accelerated method could
be chosen to select the best performing coating for all four alloys tested; however the combination of
accelerated methods did improve correlation factors.(Matzdorf)

Electrochemical methods have been used in conjunction with and as simulations for marine conditions.
Azzerri*® measured the polarization resistance and mass loss of plain carbon and low alloy steels in
natural seawater during four years of immersion to mock the immersion of steel in shallow seawater.
The corrosion rates calculated from polarization resistance matched those calculated from the mass
loss method, thereby making the electrochemical method valid for predicting corrosion rates in un-
accelerated conditions. McCafferty’ used Tafel extrapolation to show that laboratory tests and actual
exposure rates are “reasonable”; however, he recognized the limitations that short-term laboratory
experiments in simulated environments have in predicting atmospheric corrosion rates in natural
environments. Tafel extrapolation was applied to various metals and environments, including
comparing a 24-hour immersion of iron in 3.5-percent NaCl solution to the longer term behavior of plain
carbon steel (AISI 1020 steel) in seawater. Tafel extrapolation, although hindered by a limiting diffusion
current from oxygen reduction for the cathodic polarization curve, was possible for the author because
both branches could be extrapolated back to the open circuit potential and could give the corrosion
rate. The resulting corrosion rate for the laboratory experiments, 0.30 mm/y, could be compared to the
atmospheric corrosion rate of 0.38 mm/y in the first year of exposure, but not compared to the corrosion
rate of 0.13 mml/y after 1000 days. These logical attempts to experimentally determine corrosion rates
in marine environments, did not obtain the anticipated correlation data to real world atmospheric
corrosion.

A study by Drazic and Vascic'® aimed to correlate results from two accelerated corrosion conditions
(laboratory immersion in aerated 3-percent NaCl solution and exposure in a salt spray chamber), to
mass loss results of a five-year-long atmospheric exposure at the Adriatic coast in Yugoslavia. Both
mass loss and electrochemical methods were used to measure the corrosion rate during the
accelerated corrosion methods. For the accelerated corrosion conditions, corrosion rates determined by
the two methods, electrochemical and mass loss, were similar to each other; showing that the
electrochemical method, Tafel fitting via anodic polarization, was a precise predictor of the corrosion
rate via mass loss in the same corrosion environment. When the corrosion rates for the three corrosion
conditions (atmospheric, laboratory immersion, and salt-spray chamber) were compared to each other,
their values were not at all comparable. The authors correlated the corrosion rates by using a factor, n,
that represented how many times higher the salt spray and immersion conditions made the corrosion
rate when compared to the atmospheric exposure conditions. The resulting correlation was too general
and ineffective in relating the accelerated corrosion techniques to an atmospheric corrosion timescale.

In 2008 Frankel' gave an extensive review of the use and limitations of electrochemical techniques for
assessing corrosion, including atmospheric exposure conditions. In this review, a statement was made
of the fact that electrochemical methods provide an accurate measure of the instantaneous corrosion
rate for the corrosion conditions while weight loss measurements generate an average corrosion rate of




a sample surface for the entire measurement period. Therefore, when using electrochemical methods
for atmospheric correlation, it is important to understand what the measurements can and cannot
provide. Frankel reviewed the different electrochemical methods used to study atmospheric corrosion,
as well as the Kelvin probe and coplanar reference electrodes, but ultimately concluded that “at present
there is no good electrochemical technique for electrochemical testing of samples exposed in
atmosphere. Electrochemical methods for samples in corrosive atmospheres are difficult due to the thin
layer electrolyte...Furthermore, it is becoming evident that complex atmospheric chemistry can
influence the local environment for a sample exposed outdoors in ways that are not simulated in lab
exposure tests...The understanding of the atmospheric chemistry is still evolving and the influence of
the environment on corrosion and the electrochemistry of this phenomenon are totally unknown.”
Natural electrolytes formed on a metal during atmospheric corrosion are so thin and dynamic (they
diminish continuously during evaporation) that the conditions are difficult to duplicate in the laboratory.
The reactions occurring at the metal and electrolyte interface from time of initial wetting to evaporation
change relative to other variables, such as oxygen supply, salt and pollutant deposition, and type of
wetting (rain will rinse away pollutants, mist will deposit more pollutants, and dew will reactivate current
surface pollutants).

Efforts to directly measure the electrical properties of corrosion test panels during atmospheric
exposure have been developed for some time. In the 1970s and 1980s, Mansfeld***' developed a
method to electrochemically monitor atmospheric corrosion by measuring changes in current or
potential as a function of exposure time. In one study,*’ weight loss data was correlated to the
electrochemical monitoring method; however, the electrochemical data did not correlate directly to
mass loss information. Instead, the electrochemical data correlated to wetness events during
atmospheric exposure, and was really the development of an accurate time of wetness sensor. More
recently, electrical resistance sensors have been used® to study corrosion products formed during
initial atmospheric exposure because of their ability to directly measure mass loss. This method relied
on sensing changes in the resistivity of the metal as corrosion product formed on the metal surface.
Due to the nature of their construction, the sensors would not be suitable for long-term exposure
studies in aggressive marine environments.

Corrosion Product Formation during Atmospheric Exposure

Because many studies®'®'"'**? have noted differences between initial and longer-term atmospheric
corrosion, in terms of both corrosion rates and corrosion product formation, researchers have used
electrochemical and surface-specific analytical techniques to study the mechanisms of corrosion
product formation. In the past, electrochemical methods were not commonly used for monitoring
atmospheric corrosion, largely due to difficulties involving the thin film of electrolytes that form on the
substrate surface. While iron corrosion is understood in laboratory simulations in the simplest of real
environments, it is known that the chemical processes involved in the atmospheric corrosion of iron
remain poorly understood.*’ Graedel compiled a list of twenty different iron-containing minerals relevant
to the corrosion of iron*® to illustrate the complexity of iron corrosion products formed in the
atmosphere. A study by Cox and Lyon* reviewed early work, from the 1960s to 1990s, that used
electrochemical and surface chemistry-based methods to determine corrosion mechanisms that occur
during atmospheric exposure. In general, the studies focused on understanding what corrosion
reactions occurred on the surface of iron and steel substrates through electrochemical methods,*>*®
including scanning Kelvin probe methods,***> and chemical analysis techniques such as X-ray
diffraction (XRD)**** and Mossbauer spectroscopy.”® More recently, it has become common to
incorporate surface chemistry techniques into corrosion studies. Corrosion products formed by
atmospheric corrosion, especially in marine environments, have been identified by many authors using
surface-specific techniques, including XRD *''%¢%® SEM,'"“**® Raman and Fourier-Transformed
Infrared Spectroscopy (FT-IR)*'*%%#  XPS®2 Mossbauer spectroscopy®’, Transmission Electron
Microscopy (TEM),%® and recently by soft X-ray transmission spectromicrosopy.?® In general, the
following observations have been made: 1) Chloride ions at marine areas are incorporated into initial
corrosion products, but are not retained over time. This depletion occurs because the concentration of




ferrous or ferric chloride in the rust decreases unless a fresh supply of chloride ions to anodic sites is
maintained. The thick layer of rust blocks the exposure to chloride ions over time, thus reducing the
corrosion rate over long exposure periods, 2) hygroscopic magnesium chloride in sea-salt or mist
enables corrosion to take place at a much lower relative humidity than if only NaCl is present, and 3)
the initial corrosion products that form a layer between the metal and the environment greatly affect the
subsequent longer term corrosion of the metal.

Challenges at NASA Kennedy Space Center

NASA Kennedy Space Center's (KSC) beachside corrosion test site has been documented as the most
corrosive place known in the United States.'® Figure 1 displays the location of KSC and the beachside
test site along Florida’s Atlantic coast. The environmental challenges at KSC are both natural and man-
made. The already higher-than-typical aggressive marine conditions are intermittently enhanced by the
emission of 70 tons of hydrochloric acid into the atmosphere during launches using solid rocket fuel.
Correlating corrosion rates from accelerated corrosion methods and real-time beachside atmospheric
exposure at KSC is challenged largely by marine effects such as the type and time of wetness and
chloride deposition. Despite the corrosive environment, launch structures are largely made using
structural steel, namely AISI 1010 (UNS G1010), and different coatings, such as sacrificial coatings and
paints, are used to slow corrosion. Current coating qualifications at KSC depend largely on a material’'s
performance during atmospheric corrosion conditions for 18 months and ultimately a 5-year-period.*
This testing, while necessary, is very time consuming when qualifying new materials. A testing protocol
is needed to accelerate the material qualification time. Understanding correlations between accelerated
corrosion and atmospheric corrosion timescales for KSC-specific environmental conditions is a logical
step.

EXPERIMENTAL PROCEDURE
Test Plan Summary

Topics addressed in this study of corrosion conditions at KSC include:

1) Determining the degree of correlation between the corrosion test methods and, perhaps more
importantly, the reasons why the different methods may not correlate.

2) Understanding the initial corrosion product conditions and composition thereof, especially for
variations between the initial corrosion products formed during the different accelerated
corrosion conditions.

3) Determining general seasonal-based changes in corrosion product formation for the methods
exposed to atmospheric conditions.

This paper is based on work that is currently ongoing. Visual and surface analysis methods are being
used to relate the different corrosion techniques by examining when similar corrosion products, and
thereby mechanisms, are occurring on the metal surface. The predominant environmental factors, such
as chloride and sulfur dioxide concentration and wave height, are also being monitored during
atmospheric exposure.

Table 1 displays the techniques that are being used in the current test plan. The experimental
techniques are described below.

Table 1
Experimental Test Plan Summary

Purpose Corrosion Conditions | Analytical Techniques

Corrosion rate
correlation

Corrosion rate by weight loss methods, chloride

AE' ASST? B117°, .
concentration




Initial corrosion 1 2 3 .

product formation AE’, ASST*, B117", XPS, photo-microscopy

Seasonal effects on 1 2 XPS, microscopy, chloride and sulfur dioxide concentration,
. AE’, ASST . : )

corrosion rate corrosion rate by weight loss method, wave height

! Atmospheric Exposure
? Alternating Seawater Spray Test
3 ASTM B117 method, used during accelerated salt spray method

Atmospheric Exposure

1010 steel (UNS 10100) panels were placed at 30-degree angles towards the Atlantic Ocean at KSC’s
beachside corrosion test site for varying exposure periods. The test racks are approximately 100 feet
from the high tide line. Figure 1 shows the panel configuration at the test site. The panels were
designated into categories corresponding to their method of evaluation: 1) corrosion rate via weight loss
method ASTM G1 for a) panels for long-term exposure of one year, b) panels for monthly exposure,
and c) panels for monthly successive exposure, and 2) panels that were exposed to initial corrosion
conditions and removed for surface chemistry analysis. Time dependent photographs were taken
during exposure.

Beach
Corrosion
Test Site

Figure 1: Location of NASA Kennedy Space Center’s Beachside Corrosion Test Site along the
Atlantic Ocean (left) and panels exposed to the marine atmosphere at KSC (right).

Accelerated Seawater Spray

1010 steel (UNS 10100) panels were placed at 30-degree angles in a seawater spray apparatus,
shown in Figure 2, and exposed to atmospheric conditions continuously and sea spray conditions in
cycles for 10 minutes per hour. The panels were designated according to their evaluation process: 1)
exposed at 180, 90, 60, and 30 day periods and removed for corrosion rate measurements using the
weight loss method in ASTM G1 and 2) exposed to initial corrosion conditions and removed for surface
chemistry analysis.
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Figure 2: Alternating Seawater Spray apparatus with 1010 steel (UNS 10100) exposure panels,
and modification for 1008 panels used in surface analysis.

Neutral Salt Fog Chamber (ASTM B117)

1010 steel (UNS 10100) panels were placed in a neutral salt fog chamber in 5% NaCl, using the ASTM
B117°' method. The panels were designated according to their evaluation process: 1) exposed at 100,
250, 470, 750, 1000, and 1500 hours and removed for corrosion rate measurements using the weight
loss method in ASTM G1 and 2) exposed to initial corrosion conditions and removed for surface
chemistry analysis.

Surface Analysis

X-ray photoelectron spectroscopy (XPS), using an Al K-alpha X-ray source (Thermo Scientific®), was
used to determine the types of corrosion products formed on the surface of the panels for the different
corrosion conditions. In some cases, depth profiles were measured for typical iron, carbon, oxygen, and
chloride peak ranges with an ion energy of 3000eV at rate of 0.37nm/s for 15 seconds per etch.

Optical microscopy was used to evaluate the different topographies of the corrosion products formed on
the panels that were exposed to different corrosion conditions.

Atmospheric Conditions

The temperature, relative humidity, and total precipitation values are recorded at the beachside
atmospheric test site continuously. The precipitation values are measured as a total amount collected
every 20 minutes and the temperature and relative humidity are measured every twenty minutes.

Chloride deposition at the atmospheric test site is being monitored continuously during the
exposure period using the wet candle method.®® Two replicates of each set are exposed for a one-
month period before replacement. The two different sets are exposed in staggered time periods that are
two weeks apart. Chloride concentration is measured using a chloride ion probe. Figure 3 shows the
wet candle exposure alongside the beachside panel exposure.




Figure 3: Wet candles exposed to KSC beach site atmospheric conditions and used to
measure chloride concentration per month.

Sulfur dioxide concentration was measured through the National Atmospheric Deposition
Program (NADP) monitoring location FL99, which is located at the Kennedy Space Center and
operated by NASA. The sulfur dioxide deposition data, in kg s/ha-yr, is taken from the NADP database
website®® and translated into mg/m®-day values.

Wave height measurements were collected from a weather buoy, buoy #41009, off the coast of
Cape Canaveral that is funded by NASA and operated by the National Oceanic and Atmospheric
Administration’s (NOAA) National Data Buoy Center. The wave height data was extracted from the
database website.®” Figure 4 shows the physical location where the sulfur dioxide concentration,
chloride concentration, and wave height values are measured.

wave
height

|

Figure 4: Map of physical locations where the chloride concentration, sulfur dioxide
concentration, and wave height values are obtained.

RESULTS AND DISCUSSION

When determining correlations between the different corrosion conditions, atmospheric corrosion,
ASST, and salt fog, the long-term atmospheric corrosion environment was first characterized. The




corrosion behavior of the 1010 steel panels in the long term and accelerated environments were then
measured using corrosion rate, visual, and XPS methods.

Characterization of Beachside Atmospheric Exposure Site

In order to understand the corrosion conditions of the natural environment at the Kennedy Space
Center, various environmental factors such as temperature, relative humidity, precipitation, chloride and
sulfur dioxide concentration, and wave height were measured. The average monthly temperature,
relative humidity, and precipitation values for April 2010 through April 2011 are shown in Figure 5.
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Figure 5. Average temperature (line) with maximum and minimum values, relative humidity (top
bar), and precipitation (bottom bar) values from April 2010 to April 2011 recorded at the KSC
Beachside Atmospheric Corrosion Test Site.
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The chloride concentration, shown in Figure 6, was measured during an exposure period from May 19,
2010 through May 19, 2011. The measurements taken from Funnels 1 and 2, and then from Funnels 3
and 4, show that the salt deposition was consistent between replicates despite that fact that the two
funnels were about 500 feet different in latitude from one another. Overall, the chloride deposition at
the KSC site is high when rated using criteria from the 1SO 9223 standard®®, where the highest level of
chloride deposition is related to a deposition rate of between 300 and 1500mg/m’d. The chloride

deposition rate at KSC’s beachside test site recorded ranges between 150 and 1900mg/m?d, with a
mean value of 640mg/m?d.
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Figure 6: Chloride concentration as a function of exposure period, obtained using wet candles
exposed at NASA Kennedy Space Center’s Beachside Corrosion Test Site.

The wave height was monitored because of the relationship between wave height and concentration of
marine aerosols, where increased wave height is generally related to an increase in chlorides in the
air.%® Bubbles created from increased wave action are the main generator of marine aerosols®*’° and
are generally directly related to wave height. The monthly average wave height for ocean water off the
coast of Cape Canaveral and approximately twenty-five miles from the wet candle location was
compared to the monthly average chloride concentration values to verify the general relationship,
shown in Figure 7. The comparison shows that higher wave heights do generally directly relate to
increase chloride concentration values, assuming that major weather events or ignored.

- 12
2000 -
- 10
4
B 1500 - -8 %
& E
@] -6 %
o 1000 - £
£ ]
; -4 I
(]
€ 500 - S
S “E R
n
0 i — 0
May-10 Sep-10 Feb-11
Month

Figure 7: Average monthly chloride concentration (bottom line) and wave height (top line)
values.

Sulfur dioxide concentration was found to be very low within the Kennedy Space Center, with yearly
totals ranging from 0.92 to 1.81mg/m?-d from 2002 to 2010. A value of less than 4mg/m?d is ranked as
the lowest level in the ISO 9223 standard for pollution by sulfur-containing substances represented by
sulfur dioxide.




Obviously characterization of atmospheric conditions also includes other factors such as wind, time of
wetness, weather events, and ultraviolet exposure. The paper does not aim to include all the
atmospheric factors and uncertainties that exist, but instead to acknowledge them and report on
selected atmospheric conditions.

Corrosion Behavior of 1010 Steel at the Beachside Atmospheric Exposure Site

The corrosion rate of 1010 steel panels exposed at KSC'’s beach site is variable and dependent on
seasonal conditions, as shown in Figure 8. From April 1975 through February 1977 panels were
exposed each month for one year, and seasonal changes that influence corrosion rate are evident. An
average corrosion rate for 1010 steel panels at KSC is thus difficult to define by one value without
considering other seasonal characteristics of the exposure site. Although corrosion rates have been
monitored yearly since 2004, they are now being monitored again seasonally starting in 2010.
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Figure 8: Corrosion rate of 1010 steel panels exposed at the KSC Beachside Atmospheric Test
Site for one year. Initial exposure dates are from 4/1975 through 2/1977 and 6/2004 through
6/2009.

Corrosion rates of the 1010 steel panels was measured as a function of both monthly and successive
monthly exposure times to understand the seasonal characteristics of corrosion rate at KSC. Thus far
the corrosion rates, in mm/y, have remained statistically similar throughout the exposure time period
from November 2010 to April 2011. Figure 9 shows the corrosion rate and total mass loss of the 1010
steel panels as a function of exposure time. The panels that were newly exposed each month had a
higher overall corrosion rate, but that was not unexpected since corrosion rates tend, in general, to be
highest when corrosion products are not blocking corrosion sites (all areas of the metal surface are
available for corrosion). Once corrosion formed on the surface the corrosion rate generally decreases,
as verified for the successively exposed panels in Figure 9. The amount of mass loss decreased initially
after corrosion product formed across the entire panel surface; however, the mass loss did not continue
to decrease directly as a function of time. The changes in mass loss as a function of exposure time
were likely influenced by seasonal factors as well. At this time it is not possible to fully separate out
seasonal and corrosion product influences. The successive corrosion rate monitoring is ongoing and
will continue up to one year.




Corrosion rates based on seasonal influences are more prominent for the monthly panels and can be
compared to the chloride concentration values recorded monthly, Figure 10. While a longer data set in
the future will provide a more definitive comparison, there is a definite direct correlation between the
salinity and corrosion rate values thus far. Comparisons were made to monthly corrosion rates and
other seasonal characteristics such as temperature and relative humidity. Figure 11 shows that there
are direct correlations to relative humidity, corrosion rate, and temperature, where increased moisture
(humidity) should provide more time for active corrosion on the steel panel surface. As the temperature
increases seasonally and the values of temperature and relative humidity grow closer there are less
opportunities for moisture to form on the panel surface due to humidity alone. Time of wetness will not
be discussed in this paper, but is a factor currently being addressed.
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Figure 9: Corrosion rate (solid marker) and mass loss (open marker and bar) values of 1010
steel panels exposed at the KSC Beachside Atmospheric Test Site and exposed and collected
monthly (dotted line) and successive monthly (solid line).
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Figure10: Comparison of corrosion rate (dotted line) and salinity (solid line) values for 1010
steel panels and wet candles exposed at the KSC Beachside Atmospheric Test Site from
November 2010 through April 2011.
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Figure 11: Comparison of monthly averages for temperature (circle marker), relative humidity
(square marker), and corrosion rate values for 1010 steel panels (dotted line) recorded at the
KSC Beachside Atmospheric Test Site from November 2010 through April 2011.

Correlation of Long-term and Accelerated Corrosion of 1010 Steel

The corrosion rates and behaviors of panels exposed to long-term corrosion and accelerated
conditions, neutral salt fog and ASST, were compared to determine possible timescale correlations.
Corrosion rates for long-term exposure and accelerated corrosion methods, shown in Figure 12 as a
function of exposure time, did not correlate because the accelerated conditions tested thus far were too
aggressive compared to the long-term exposure. Since one primary aim of this work is to find timescale
correlations of these accelerated test results to corrosion rates measured after long-term exposure, the
corrosion rate values measured in the accelerated tests must be within a reasonable range to match
corrosion rates of long-term exposure. For the corrosion rate data measured in the accelerated
timescales thus far, the corrosion rates are higher, at 0.71mm/y and above, than even the highest value
of 0.55mm/y recorded for long-term exposure. Work is currently being completed to scale down the
accelerated timescales so that they all within a reasonable range for corrosion rates based on KSC's
historical corrosion rate data and data currently being collected at the beachside exposure site.
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Figure 12: Comparison of corrosion rates as a function of exposure time for 1010 steel panels
under long-term atmospheric exposure (square marker) and accelerated corrosion methods,
including neutral salt fog (triangle marker) and ASST (X marker). Historical yearly corrosion

rates (circle marker) have been included for comparison on the secondary (month-yr) axis.

Further analysis of the ASST and long-term exposure results showed that the mass loss versus
timescale behaviors of the two corrosion methods could be compared, Figure 13. The mass loss of
panels exposed to ASST conditions seemed to corrode at a consist rate as a function of exposure time,
and more data points are currently being generated over a wider variety of timescales to confirm this
initial conclusion. Interestingly the ASST mass loss values all fall within the range of yearly mass loss
values for the long-term atmospheric exposure panels. Current work is analyzing whether mass loss
rates for new long-term exposures can be extrapolated to predict yearly corrosion rates and if ASST
mass loss values can be correlated to these predictions as well. Simple mass loss correlations cannot,
however, be the only factor for correlation. The manner in which the carbon steel panels corrode are
markedly different during the long-term and accelerated corrosion conditions.
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Figure 13: Comparison of mass loss as a function of exposure time for 1010 steel panels under
long-term atmospheric exposure (square marker) and the ASST accelerated corrosion method
(X marker). Historical yearly mass loss (circle marker) has been included for comparison on.

During observations of corrosion product formation, distinct differences about the manner in which
corrosion formed on the carbon steel surfaces were obvious. Panels exposed to atmospheric corrosion
have corrosion products that form evenly across the substrate surface as general corrosion.
Regardless of the amount of moisture that the panels were exposed to each month, the corrosion
product still formed evenly across the surface, as shown in Figure 14 for 5 and 55 days of exposure for
the same panel. The manner in which the corrosion product formed on the surface directly related to
the manner in which moisture was introduced onto the surface of the panel. In the case of atmospheric
exposure, the moisture in the form of fog, rain, or dew formed evenly across the surface and the
evaporation rate across the surface also occurred evenly. The panels exposed to the ASST had
seawater sprayed directly onto the surface so that the moisture ran across the panels in a continuous
vertical stream for 10 minutes of each hour, after which large droplets of seawater remained. The
corrosion products formed more heavily in the regions where the seawater remained the longest on the
panel surface. Because corrosion rates are known to reach a maximum value during the last stages of
moisture film evaporation where oxygen concentration is highest?®***'  the repeated hourly spray
caused the corrosion product to form aggressively especially where the largest droplets formed. Figure
14 shows where corrosion product formed selectively across the surface after one seawater rinse and
after 24 rinses. By the 13" day of seawater rinsing, the corrosion product had formed more evenly
across the same panel surface; however, the corrosion products were formed as prominent surface
scales. A distinct vertical build-up of corrosion products formed on the panels in an exaggerated
manner as the ASST exposure time increased. During the neutral salt fog exposure the continuous fog
caused smaller droplets to collect and eventually stream down the surface of the panels, where the
corrosion products then formed most distinctly in the same streaming pattern as the path of the stream
of 5-percent sodium chloride solution. Figure 14 shows examples of this corrosion product formation for
the neutral salt fog progressively after 30 minutes, 2 hours, and 100 hours.
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Figure 14: Examples of 1010 steel (UNS 10100) panels after exposure to atmospheric (top row),
alternating seawater spray (middle row), and neutral salt fog (bottom row) corrosion.

The metal surface after prolonged exposure and removal of corrosion products is markedly different for
the different corrosion environments. Figure 14 shows examples of the cleaned 1010 steel surfaces,
where the interfacial pattern between the corrosion products and metal directly relate to the exposure
type as described above. A closer picture of the corrosion products formed after progressive corrosion
for long-term atmospheric exposure and compared to neutral salt fog and ASST accelerated methods is
shown in Figure 15. The progressive corrosion product formation follows the same pattern as during
initial corrosion, as described in the preceding paragraph for each corrosion exposure type.
Correlations of corrosion rates and mass losses are evidently more complex when considering these
visual comparisons of corrosion product formation.
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Figure 15: Examples of 1010 steel (UNS 10100) panels after prolonged exposure to atmospheric
(top left), alternating seawater spray (right), and neutral salt fog (bottom left) environments.

Unknown is whether the visual differences relate to purely physical differences in corrosion product
formation or if chemical differences also exist. Although a myriad of iron oxides are known to form
during corrosion of carbon steel***°, a question arose as whether different kinds of initial iron oxide
corrosion products formed for each corrosion condition since the aggressiveness of each condition
varied greatly. Because initial and progressive corrosion products form in generally the same way for
each of the corrosion environments, initial corrosion product formation was chosen as a factor related
to corrosion method correlation. XPS and microscopy were used to monitor the initial corrosion product
formation for each corrosion condition.




The progression of initial corrosion as a function of exposure time was markedly different between the
panels exposed to beachside atmospheric and each type of accelerated corrosion. Again the corrosion
products formed in the same pattern as the way that moisture (electrolyte) was introduced onto the
panel surface. The initial corrosion product was monitored each month during atmospheric exposure to
monitor seasonal differences and include a large range of atmospherically-induced corrosion product
types. The atmospherically exposed panels had corrosion that formed initially by local anodic and
cathodic reactions that most likely occurred where hydroscopic salts or moisture had collected. More
humid initial conditions meant that the corrosion products formed at a faster rate, but the physical
progression, shown in Figure 16, was the same regardless of rate. The panels exposed to neutral salt
fog were introduced to a continuous moisture-saturated environment, therefore the corrosion products
first formed at local droplet locations and often at the site where a NaCl crystal had formed, shown in
Figure 16. The panels used for ASST had initial corrosion product formation in the same pattern as the
seawater spray stream that ran down the panel mixed with smaller local corrosion sites, shown in
Figure 16.

Microscopy of the same panels subject to atmospheric exposure from March and April 2011, shown in
Figure 16, is shown in Figure 17 for the first two days of exposure. The panels from March were initially
more corroded due to more humidity during the initial exposure stages than for the panels from April.
Both photographs and microscopy represent the range of initial corrosion types that are common for the
1010 steel panels exposed to atmospheric corrosion at KSC’s beachside test site. All the panels in
Figure 17 were evaluated using XPS to determine the kinds of corrosion products typical for
atmospheric corrosion. Microscopy was used to help determine what points to target for further XPS
study since the optical resolution of the XPS is poor compared to microscopy techniques. Currently
XPS data analysis is in progress, but an example of the data analysis process is provided for the
atmospheric corrosion panels shown in Figures 16 and 17.

Analysis of corrosion products on 1010 steel panels exposed to marine atmospheric corrosion, shown
in Figures 16 and 17, revealed common features for the iron, carbon, oxygen, and chloride-containing
corrosion products. The general composition of the 1010 steel surface after initial corrosion was
comprised of varying amounts of iron, oxygen, carbon, chloride, sodium, magnesium, manganese,
silicon, sulfur, and calcium, depending on the degree of corrosion or the amount of sea salts deposited
on the exposed panel. All the components, except for iron, oxygen, and carbon, could be accounted for
by the elements in the exposure environment, while the iron, oxygen, and carbon elements were from
the base metal. Depth profiling of various points on the panels showed that several shifts resulted
during the through-the-thickness transition from corrosion product to iron metal. Figure 18 shows the
most general results for a thin layer of initial corrosion product. The iron peaks shift from a surface layer
mix of iron(ll) chlorides (FeCl,) and iron oxy-hydroxides (FeOOH) to a thicker layer of bulk iron(lll) oxide
(Fe,O;) and eventually to the metal surface. This transition always occurred for the iron components
regardless of degree of corrosion. However, the profiling did not always reach the metal surface for
thicker corrosion products. The oxygen-based peaks indicated the initial presence of FeOOH, as well
as the shift to Fe,O; during depth profiling. The carbon-based peaks were consistently present, but at
varying degrees of intensity through the thickness of the corrosion layer. Different points scanned
revealed that chloride-containing carbons, known to naturally occur during degradation of marine
aerosol’'"®, existed on the surface along with elemental carbon. This constituent was confirmed for the
chloride peaks, where chlorinated hydrocarbons (R-Cl) were notably present along with iron(lll) and
iron(ll) chlorides.
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Figure 16: Examples of 1010 steel (UNS 10100) panels after initial exposure to atmospheric
(top), alternating seawater spray (middle), and neutral salt fog (bottom) environments.
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Figure 17: Microscopy of 1010 steel (UNS 10100) panels after initial exposure to atmospheric
corrosion for one and two days during March 2011 (top group) and April 2011 (bottom group).
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Figure 18: Depth profile results from XPS analysis of 1010 steel (UNS 10100) panels after initial
exposure to atmospheric corrosion. The arrows indicate the direction of peak shifting as the

depth profiling progressed.

SUMMARY

Although this work is still in progress, a summary of current results and analysis can be made.

The Kennedy Space Center's Beachside Atmospheric Corrosion Test Site can be characterized
as having high chloride levels between 150 and 1900mg/m?d, with a mean value of 640mg/m?d,
which can be directly related to wave height. The chloride concentration varies seasonally along
with other weather conditions such as temperature, humidity, and precipitation. Overall the
sulfur dioxide concentrations are very low year-round, estimated to have yearly totals of about
1.0mg/m?-d based on 2003 through 2010 data.

Corrosion rates and mass loss values for the three different 1010 steel exposure techniques,
long-term atmospheric, alternating seawater spray, and neutral salt fog, are difficult to compare
directly since they form corrosion products in different manners. Mass loss as a function of
exposure time will be the most reliable way to make correlations between the long-term
exposure and accelerated techniques. At this time, the exposure times for the accelerated
corrosion methods need to be decreased to correlate mass loss rates to long-term atmospheric
corrosion.




- There are distinct physical differences between corrosion products formed with the different
exposure techniques. 1010 steel panels exposed to natural atmospheric conditions at the
Kennedy Space Center’'s Beachside Atmospheric Corrosion Test Site formed slowly and evenly
across the panel surfaces. On the panels exposed at the test site and subjected to the
Alternating Seawater Spray Test, the initial corrosion products formed aggressively only where
the seawater spray settle on the panels. Atmospheric-induced corrosion formed on the rest of
the panel, such that the overall corrosion products formed in exaggerated scales across the
panel surface. Panels exposed to the neutral salt fog had initial corrosion products that initially
formed where the droplets collected and later along the streams of moisture that collected down
the vertically-oriented panel.

- Despite the physical differences between the corrosion products formed with the different
exposure methods, it is unknown at this time if there are chemistry differences between the
types of iron-based corrosion products formed during initial corrosion of the 1010 steel. This
work is in progress.
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