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Abstract

The discrepancy between lab accelerated life tests (LALTs) and field exposures of
organically coated aerospace alloys subjected to corrosion is a well-known problem. For
example, some Mg-based chromate-free primers for AA2024-T351 perform well in field
corrosion testing but perform poorly in LALTs such as the ASTM B-117. Conversely, some
primer coatings on metals have been found to perform well from a corrosion standpoint in
LALTSs but poorly in the field. Currently, it is not well understood whether various
differences in environmental severity factors (ESFs), such as chloride and UV, cause such
discrepancies. Alack of understanding of how ESFs affect the coating/substrate system is a
consequence of previous studies’ reliance on low fidelity interrogation methods, such as
visual inspection and coating gloss measurements, which do not adequately capture the
entire range of interactions between ESFs, the coating and the substrate. Subsequent LALTs
are developed by trial and error. This research seeks to take the first steps to understand
the influence of selected specific ESFs on metal corrosion and polymer degradation in scribe

creep.

To begin to understand the influence of environmental severity factors on underpaint
corrosion, we compare the similarities and differences in corrosion and scribe creep results
from standard LALTs, field sites and lab full immersion tests (FIT). Ultra-high molecular
weight epoxy resin (Poly(Bisphenol A-co-epichlorohydrin) glycidyl end-capped
(C18H2203)neC22H2604; CAS No. 25036-25-3,trade name Eponol) coated AISI 1018 steel
samples (UNS# G10180; 0.15% C, 0.7% Mn, Fe; wt. %), with controlled scribes to expose the

bare metal, were used in all tasks. In this initial investigation, comparisons between
i



standard LALTSs, FITs and field exposures were made using a suite of high-level surveillance
methods: electrochemical impedance spectroscopy (EIS), Fourier Transform Infrared
Spectroscopy (FTIR), X-Ray diffraction (XRD), and Raman spectroscopy. These methods
maximize the ability to detect corrosive degradation both to the bare substrate at the scribe
and to the substrate under the coating, as well as improve detection of degradation of the
coating itself. By elucidating corrosive changes at a high level that could be missed with low
fidelity surveillance techniques, these methods also improve our ability to make
comparisons between LALT, FIT and field tests, and demonstrated a methodological
improvement upon previous studies. Tests were conducted according to the LALT
standards and were interrogated at predetermined time points (i.e, 0, 1, 3,5, 10 and 15
days) during a total exposure time of 15 days. Briefly, results from this work demonstrate
that there is a positive correlation between mass loss on bare 1018 steel samples and scribe
creep length on coated steel for both lab- and field- exposed samples. Additionally, there is
an inverse correlation between scribe creep length and the low frequency electrochemical
impedance of the coating for coated steel near the scribe for lab and field samples.
Concerning field vs. LALTs, the results demonstrate that LALT’s without UV radiation do not
correlate as well with field exposure in terms of polymer coating degradation. This points
to the need for UV radiation to damage the polymer coating. Comparison of LALT results to
full immersion tests (FITs) helped to clarify the mechanism of scribe creep in these lab and

field exposures.

LALT, FIT and field comparisons demonstrate that while the effects of ESFs on the corrosion
of bare steel are straightforward, their effects on the scribe creep of coated steel are more

complex. Therefore, systematic variation of ESFs in non-standard LALTs and statistical
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analysis of the resulting data were conducted to better understand the effects of ESFs on
scribe creep of ultra-high molecular weight epoxy resin coated AISI 1018 steel. The role of
ESFs in scribe line corrosion and corrosion of “intact” organic coatings was studied using 3D
optical microscopy, EIS, XRD and Raman microscopy while parallel studies at the University
of Southern Mississippi examined coating degradation with FTIR. Samples were exposed to
various levels of ESFs in a set non-standard LALTS, in a fractional factorial design. The
effect of UV light, temperature, relative humidity, chloride, and wet/dry cycling on
underpaint corrosion and degradation of electrical properties of organic coatings were
investigated using the high-level surveillance methods noted previously. Differences in
corrosion morphology, corrosion products formed, and rates of scribe creep were examined
as a function of ESFs with the objective to produce a parametric model that could relate
scribe creep length to ESFs. It was found that temperature and cycling had the largest effect
on scribe creep. Temperature and cycling in combination interacted to produce an effect on

scribe creep that was greater than the additive effects of each.

Finally, the data from the non-standard LALTs was used to develop an empirical model of
scribe creep of Eponol coated 1018 steel. This is the first empirical model to relate scribe
creep to ESFs for an organically coated steel system known to the author, similar to those
constructed in the past for bare steel. The model assesses the relative strength of individual
and combined ESFs on scribe creep of coated steel. The model found that cycling had the
biggest effect on scribe creep. The model also indicated the possible interaction between
temperature and cycling. Field behavior was subsequently predicted using the model. By
highlighting which ESFs most greatly impact scribe creep, the model provides guidelines for

creating future LALTSs that better mimic important aspects of the field environment. The
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model also serves as a template for creating scribe creep models for other commonly used
coating schemes. Finally, the model highlights ESF interactions that should be further

investigated in future research.

Overall, this body of work adds to the understanding of the effects of ESFs on scribe creep
and the relationship between anodic wedging and cathodic delamination on scribe creep.
This work also demonstrates the applicability of fractional factorial design for quickly and
efficiently investigating multiple ESFs in relatively few experiments. Insights gained can be

used in the construction of future LALTsS.
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1 Chapter 1 - Introduction

1.1 Summary

In this chapter, the mechanisms of scribe creep on organically coated steel are reviewed.
Important environmental factors affecting scribe creep, including UV radiation, ozone,
chloride, time of wetness, relative humidity, and cycling are reviewed. Their effects both
bare steel and on the degradation of the polymer coating itself are addressed. The processes
by which environmental severity factors (ESF) affect the overall rate of scribe creep are not
well understood. Subsequently, lab accelerated life tests (LALT) do not adequately mimic
real world atmospheric exposure and correlation between the two are poor. Systematic
studies of ESFs that drive scribe creep have not been performed with high level surveillance
techniques. The first step towards designing LALTSs that correlate better with field
exposure is to establish an approach to understand the effects of environmental severity
factors on scribe creep. Current standard LALTs are compared with field exposure to
determine potential important ESFs. This review will point to the need to design an

experimental matrix using fractional factorial design of experiment.

1.2 Background:
1.21 Necessary Development of LALTs for New Coating Systems

Recent changes to environmental regulations regarding hexavalent chromium (Cr*¢) and
volatile organic compounds (VOC) dictate that current generation coating systems used in

defense applications must be rapidly replaced with new coating and pretreatment systems



capable of protecting metals from corrosive attack by the environment.1-# Chromate
conversion coatings (CCCs) are one example of a system that must be replaced. CCCs have
been used since the early 1900s to protect metal alloys from corrosion.> They increase the
corrosion resistance of steel and 2xxx series aluminum alloys, among others. Hexavalent
chromium (Crs+) is the main protective component in CCCs. However, it has been found to
be a carcinogen and has recently become a highly regulated substance.¢ The US Department
of Labor recently issued a new regulation that limits the amount of Cré+ exposure for
workers, cutting the permissible limit from 100 pg/m3 of air to 5 pg/m3 of air.! In addition,
the EPA has set the permissible amount of Cré+* in drinking water at 100 ppb and has
established guidelines for enhanced monitoring of Cré* levels.27 Finally, the Undersecretary
of Defense has issued a memorandum which instructs the military to reduce its use of

hexavalent chromium and find alternatives to CCCs.8

The drive to move away from coating and pretreatment systems containing hexavalent
chromium and VOCs has led to an increase in the diversity of pretreatments and coating
primers for corrosion protection on steel and aluminum alloys. Chromate-free
pretreatments that promote adhesion of paint to the metal surface® and Mg rich primers10
are two examples. New coating systems must still protect against scribe creep on steel and
aluminum alloys over their service lives. Therefore, the service lifetimes of these new
coating systems must be established. Field exposures, however, take many years to
complete. As a result, the development of new priming and coating schemes has required

the use of accelerated life corrosion tests (LALTs).



1.2.2 Current Approaches to LALT Design

Cabinet tests, lot acceptance tests, and other forms of accelerated tests are often used to
predict the long-term performance of coatings. Accelerated testing saves time and reduces
cost.1! By understanding the limits of materials and products, companies can accurately
gauge warranty and production costs.!! However, discrepancies between such tests and
field exposures undermine the utility and accuracy of accelerated testing.10.12-14 A recent
study for the Department of Defense attempted to address these discrepancies by
examining the correlation in scribe creep between field exposed and ASTM B-11715 tested
samples of coated 2xxx and 5xxx series aluminum alloys.12 The authors examined
differences in scribe creep using the ASTM D-1654 Procedure A,!¢ which involves removing
the coating using compressed air or mechanical scraping and then visually rating the extent
of corrosion. Based on their observations, two ways to improve correlation with field
exposures were suggested: a) evaluate additional replicates of the substrate for each
coating system to reduce sample to sample variability in the ASTM D-1654 Procedure A, and
b) expose samples to at least two different LALTS, for example ASTM B-117 and GM
9540P.12 These proposed solutions, however, represent brute force approaches to remedy
a lack of correlation. The authors advocate testing more of the same samples and
conducting a greater variety of LALTs without understanding the underlying corrosive
mechanisms at work or how each environmental severity factor (ESF) affects the unit

processes driving scribe creep.



Discrepancies between LALT and field exposures for coated metals have led to many
attempts within industry to develop more accurate LALTSs using a “top down” approach
similar to the study described above. In the “top down” method, creation of a new LALT is
approached by comparing existing LALT results to field exposures, usually by visual
inspection, and then modifying the LALTSs using trial and error approaches in an attempt to
more accurately predict the service life of materials.1217-19 In a “top down” approach the
impact of individual environmental factors is rarely studied systematically. Instead, the
engineer’s past experience or knowledge dictates, in a “top down” manner, the
environmental factors to be modified in the LALT. An alternative approach to improving
field and test correlation would be to work from the “bottom up”: one would first elucidate
similarities and differences in corrosive drivers and products in the lab versus field in order
to understand the specific coating degradation mechanisms and processes occurring in each
type of test. Knowledge of such differences could then be used to update an existing LALT or
create an entirely new test with improved correlation of corrosion between the lab and field

environments.

Townsend et al. use a “bottom up” approach in their attempt to improve LALT performance
for the auto and steel industries.!* The goal of their study was to create a LALT (i.e., SAE
J2334) that could more accurately predict the rate and mode of corrosion attack for
cosmetic corrosion on automotive sheet steel in relation to the severe environments of
Ontario and St. Johns, Canada. Canadian sites were chosen for their temperature extremes
and the large amount of deicing salt used on the roadways in the winter: conditions that
make Canada one of the most corrosive environments in the world.1# The material used

was automotive sheet steel galvanized with Zn, ZnFe, or ZnNi. All samples were
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electrophoritically primed; and sprayed with a base paint coat and a clear top coat. The

samples were scribed down to the steel.

The authors measured the extent of scribe creep (at 1 cm intervals along the scribe) from
samples deployed at multiple sites of varying corrosive severity and various LALTs,
including AISI A to E, which are cyclic tests (Table 1.1). They then compared correlation in
scribe creep between the LALTs or various field sites and their “real world” samples that
were mounted on vehicles in Canada and driven for 5 years. The LALTSs and field tests were
ranked according to the sum of R2 (how well scribe creep in each test correlated with the
Canada car tests) and C (the ratio of average creep of the samples to the value predicted by
a least-squares line for the data). It is worth noting that ASTM B-117 was the worst
performer of all of the exposures tested. In the second phase of their study, the authors
performed a partial factorial experiment in an attempt to create a LALT with even stronger
correlation than the existing AISI tests. In the partial factorial experimental design, the
authors ran eight experiments to determine which of 7 environmental severity factors (i.e.,
Wet Stage temperature, Wet Stage humidity, Dry Stage temperature, Dry Stage humidity,
NaCl concentration, salt solution composition and the number of dryouts per cycle) were
most important to producing strong correlation between real world vehicle exposures and
variations of the AISI B cyclic test. The variables were tested at two levels as shown in
Table 1.2. The statistical design of the experiment allowed for examination of the effects of
128 combinations of the seven variables in eight non-standard LALTs. Each of the LALTs
was run for 80 cycles with automotive sheet steel. By performing analysis of variance
(ANOVA) statistical method on the results, the authors were able to rank the relative

importance of each variable.14 Using these data, a new LALT, the SAE J2334, was developed



to optimize the variables identified in the statistical analysis. Figure 1.1 shows the

correlation between SAE J2334 and the Canadian field exposures.

In their final set of analyses, the authors use light microscopy, SEM and three methods of
chemical characterization: energy dispersive x-ray spectroscopy (EDS), X-ray diffraction
(XRD), and Mossbauer spectroscopy to examine corrosive products and morphologies
between their new SAE J2334 test and on-vehicle samples.14 The authors state that results
showed similarities in corrosion morphology and products, which supports the strong
correlation in corrosion rate between SAE ]J2334 and on-vehicle samples.1* However, their

study does not elaborate on which types of morphologies or products were present.14

Overall, the study by Townsend, et al. is a positive example of engineers approaching LALT
creation from a novel, “bottom up” perspective. Their approach represents two major
advances in LALT design. First, rather than making a priori assumptions about
environmental factors and adjusting the LALT through trial and error, Townsend et al. use
partial factorial design and statistical analysis to determine which environmental severity
factors are most important to consider in LALT design. Second, the authors move beyond
basic visual inspection to perform some high level surveillance of corrosion morphology

and products to identify corrosion similarities between their new LALT and field results.



Table 1.1 Table showing the correlation of many different LALTs and fixed atmospheric
exposures to cosmetic corrosion on phosphated cold-rolled steel samples coated with an
automotive primer and a clear topcoat and mounted on vehicles in the Midwest for 5 years. R2
is the correlation coefficient for a least-squares linear regression. C is the ratio of the average
scribe creep from the real world exposure to the values of scribe creep predicted by the LALT.
A sum of R? and C equaling 2 implies perfect correlation.14

Test Duration R"2 C Sum
SAE J2334 80 cycles 0.96 0.97 1.93
Acid Rain CCT 45 cycles 0.78 0.97 1.75
CCT-IVvV 35 cycles 0.74 0.86 1.6
GM9540P(B) (GM) 50 cycles 0.84 0.59 1.43
JASO M610 45 cycles 0.44 0.98 1.42
AISI-A 50 cycles 0.46 0.75 1.21
AISI-C 50 cycles 0.74 0.41 1.15
Michigan Suburban 24 months 0.61 0.51 1.12
GM9540P(B) (ACT) 50 cycles 0.44 0.67 1.11
Chrysler Chipping 25 cycles 0.54 0.56 1.1
AISI-B 70 cycles 0.74 0.29 1.03
Proving Ground 2 5-yr equivalent 0.64 0.39 1.03

AISI-E 50 cycles 0.62 0.38 1

Proving Ground 3 8-yr equivalent 0.37 0.59 0.96
Hoogovens Method 1 20 weeks 0.01 0.91 0.92
Montreal 24 months 0.62 0.28 0.9
Michigan Rural 24 months 0.68 0.19 0.87
AISI-D 70 cycles 0.45 0.41 0.86
West Virginia 24 months 0.58 0.25 0.83
QUV-Prohesion 12 weeks 0.62 0.2 0.82
Proving Ground 1 10-yr equivalent 0.1 0.72 0.82
CCT-1 60 cycles 0.56 0.21 0.77
Michigan Urban 24 months 0.61 0.15 0.76
South Florida 24 months 0.34 0.4 0.74
Navistar CCT 100 cycles 0.49 0.24 0.73
Philadelphia 24 months 0.49 0.23 0.72
GM9511P 20 cycles 0.35 0.18 0.53
Hoogovens Method 2 20 cycles 0.02 0.37 0.39
B117 Salt Spray 4 weeks 0.19 0.05 0.24




Table 1.2 The variables tested during the creation of the SAE J2334 and the two levels of the
variables used.

Variable Levels

1 2

Wet-Stage Temperature, °C 38 60
Wet-Stage Humidity, %RH 85 100
Dry-Stage Temperature, °C 30 60
Dry-Stage Humidity, %RH 25 50

NaCl Concentration, % 0.5 5

Salt Composition NaCl only NaCl+0.25%NaHC03+0.1% CaCl;
Number of Dryouts per Cycle 1 3
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Figure 1.1 Correlation plot showing the values of scribe creep of phosphated and galvanized
cold-rolled steel coated with an automotive primer and a clear topcoat for 5 year on vehicle
field tests compared with 80 cycles of SAE J2334. For this plot, R2=0.98 and C=0.97.14 See
Table 1 for explanation of R2 and C.

1.2.3 Drawbacks to Current LALT Design Methods

The “bottom up” approach used by Townsend et al. created an improved LALT that is still in
use by the automotive industry. However, the study is not without limitations. First, when

the SAE J2334 was actually conducted with coated samples, it was determined that the
8




corrosion rate of coated steel was too slow compared with the field and therefore did not
correlate well with the field results. Additionally, the SAE J2334 corroded the uncoated
steel samples much too quickly to provide a meaningful correlation to field results. The
authors were forced to run variations on the LALT to determine through trial and error that
dry stage humidity of 50% RH and 50°C wet-stage temperature were critical factors in
achieving good correlation with field results. Changes to the salt solution, which the authors
thought would improve the LALT’s performance with coated metal based on “expertise
within the committee indicating other ions [besides NaCl] are important for the evaluation
of other materials such as polymers...”, did not actually improve performance when
compared with the SAE J2334 run using only NaCl.1* This trial and error approach could
have potentially been avoided had the authors chosen to study isolated environmental
corrosion factors, themselves, to understand how specific ESFs individually drive the

corrosion of coated steel.

A second drawback to Townsend et al. and other attempts to improve LALT correlation
with the field is an over-reliance on basic visual inspection methods to determine the extent
of corrosion and coating degradation. Visual inspection methods are difficult to quantify
and lack insight into underpaint corrosion. For example, it has been shown that a loss of
coating gloss does not necessarily give a good indication of the extent of coating
degradation.18 This is because gloss shows degradation at the surface of the coating but
does not give a good description of the extent of degradation into or under the coating.
Visual inspection of blistering can also be misleading. In the study performed for the
Department of Defense discussed previously,!8 zinc-coated steel samples were coated with

polyurethane primers and polyester topcoats. The samples were exposed to cycles of UV
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and condensation in a UV weathering tester followed by B-117 or to B-117 alone. Despite
the large difference in the number of blisters between UV exposure followed by B-117 and
B-117 alone, changes in gloss measurements from sample to sample were so minor that
they did not provide any information on the corrosion barrier properties of the coatings.
Additionally, coatings exposed only to UV showed no visual differences upon changes in
irradiation time. However, the barrier properties of the coating, as measured with
electrochemical impedance spectroscopy (EIS), decreased noticeably (Figure 1.2).18 For
these reasons, using visual inspection methods alone to quantify corrosion or give a ranking
of coating performance (as done by Townsend et al.) could yield imprecise or misleading

results.
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Figure 1.2 Low-Frequency Impedance Modulus as a function of UV irradiation time for
galvanized and polyester-coated steel. 18

A third drawback to current methods for improving LALTSs is the comparison of new LALT

performance with results from the ASTM B-117. The B-117 salt fog test is the most
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commonly used cabinet corrosion test,!7 and is used by many industries including
automotive, paint and coating vendors, and aerospace as a corrosion performance standard.
The ASTM B-117 test consists of a constant fog of 5% sodium chloride solution in a cabinet
kept at 35°C.15 Test runs last from a few hours to thousands of hours. Since its adoption as
an official ASTM standard in 1939,17 the ASTM B-117 has been modified numerous times in
an effort to more accurately mimic environmental corrosion attack observed in field
environments. For example, in an attempt to mimic natural environmental pH variance and
accelerate corrosion, the ASTM B-117 was modified to include acetic acid in the salt solution
(ASTM G-85). Even the modified B-117 tests, however, have been shown to exhibit
corrosion attack that is different from that seen in field exposures, as well as to produce
different corrosion products.2® The ASTM B-117 standard, itself, states that “prediction of
performance in natural environments has seldom been correlated with salt spray results
when used as standalone data. Correlation and extrapolation of corrosion performance
based on exposure to the [ASTM B-117] test environment are not always predictable.”15
Even when used only as a process control test, the reproducibility of the ASTM B-117 can
vary from lab to lab, and even from chamber to chamber “even [when] the testing
conditions are nominally similar within the ranges specified in [the ASTM B-117]
practice.”15 Despite these limitations, the ASTM B-117 test method is still used in industry
to rank corrosion performance of materials and is one of the top ten bestselling ASTM
standards of all time.1? Due to the limitations described above, comparison of new LALTSs to
ASTM B-117 cannot be relied upon to give meaningful results as to the efficacy of the new

LALT.
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Finally, the use of modeling is largely lacking in the creation of new LALTSs. For example,
although Townsend et al. ran statistical analyses to identify ESFs important to corrosion of a
coated system, they did not take the next step to use their analyses to create an empirical
model of scribe creep. In addition to using a model in a predictive fashion, the act of
constructing the model often gives insights to the system behavior that would not have

been apparent without modeling and the statistical analysis that it requires.

Until a LALT that correlates well with long term field results can be designed, accelerated
testing is not exact and is only “...a balance between science and judgment.”1! It is therefore
necessary to develop better LALTs that more accurately mimic and predict service life. As
described above, current approaches for developing improved LALTSs are flawed in their a)
use of trial and error to adjust testing parameters, b) failure to evaluate the impact of
individual ESFs on corrosive processes, c) over-reliance on visual inspection methods, d)
dependency on the ASTM B-117 in the comparison of new LALT performance to industry
standards, and e) lack of predictive modeling that could be applied to multiple coating
systems or closely related alloys. To overcome these issues and improve the process of
creating future LALTS, engineers should focus first on understanding the influence of ESFs
on the rates and unit processes of degradation of the coating and substrate. This
understanding can only be gained if high level surveillance methods are used to compare
corrosion products, morphologies, and processes between the lab and field. Second,
engineers should create empirical models relating corrosion of coated systems (e.g., scribe
creep) to specific levels and combinations of environmental severity factors. Such models
give insight into the behavior of the system being modeled and could ultimately guide the

creation of improved LALTSs.
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1.2.4 Use of Models in Atmospheric Corrosion

A number of expressions have been constructed to relate mass loss of bare steel to ESFs.21-27
Mass loss is used as a measure of severity of corrosive attack in the environment. One

example for unsheltered weathering steel is given in Equation 1.1: where ML is mass loss in
g/mz2, tis time in years, [SOz] is the concentration of gas in pg/m3, RH is % relative humidity

and T is temperature in degrees Celsius.?!

In(ML) = 3.54 + 0.33In(t) + 0.13In[SO,] + 0.020RH — 0.036 (T — 10) 11

Such equations are useful in predicting corrosion rates for various exposure locations.
Similar equations have been used in other dose-response type equations for bare steel in

different environments. A brief list of some of those equations is given in Table 1.3.
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Table 1.3 Table of empirical equations for corrosion rate from various sources.

Equation Constants Environment | Reference
C=Penetration rate
C=4.15+0.88T- (mm/yr), T=temp in C,
%RH=relative humidity,
0.073%RH- RF=rainfall (mm/month) Japan, industrial 28
0.032RF+2.913[ClI]+4.921 . ’ batl
[505] [Cl]=conc. of CI' (ppm),
2 [SO2]=S0; dep. rate
(mg/dm?/day)
C=Penetration rate
C=5.61+2.754[CI]+6.155 ,[Cl]= .of CI
+ [Cl]+ [ | (mm/yr), [Cl]=conc. 0 Japan, marine 28
SO2] (ppm), [SO2]=S0: dep.
rate (mg/dm?/day)
L Nigeria,
C=mass loss rate (g/m2- agos. 1ger1‘?1
r), Co and B = constants Aracaju Brazil,
g xo-distance from ‘ Western Cuba,
C=Coexp(-Bx)+A - i Digha and 29
shoreline (m),
. Mandapam Camp,
A=corrosion rate at zero :
salinit India and
Y Murmansk Russia
In(ML) = 3.54 + ML=mass loss (g/m?),
0.331In(t) + t=time (yr), [SO2]=conc. Average of many
0.13In[S0,] + of gas (ug/ms3), RH= sites across Europe 21
0.020RH — 0.036 (T — relative humidity, and North America
10) T=temp (°C)
C=Penetration rate Bethlehem PA,
C = ABtB-1 (pm/yr), - Newark NJ, 30
A,B=constants, t=time Saylorsburg PA,
(yr) Kure Beach N.C.

Dose-Response type models for scribe creep that incorporate multiple ESFs have not been

created yet. Several models have been developed which relate the rate of scribe creep to

individual corrosive factors such as NaCl concentration.26 Other models were developed

using scanning Kelvin probe (SKP) results on polymer coated iron continuously immersed

in deaerated phosphorus- or sulfur- based acid solutions.2?” However, these models do not

take into account real-word conditions such as temperature or relative humidity, cycling,

exposure to UV or dissolved oxygen in the electrolyte.
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A model that could estimate scribe creep based on ESFs would be of great use to the
corrosion community. By gaining a better understanding of the effects of ESFs through high
level surveillance and efficient experimentation a model of scribe creep could be

constructed that would provide guidance for the creation of new LALTSs from the “bottom

”

up.

1.3 Scribe Creep Mechanisms for Steel

Steel, an alloy ubiquitous in structural and defense applications, is vulnerable to scribe
creep. Scribe creep is the loss of adhesion of the organic coating and underpaint corrosion
proceeding away from a defect or scribe.3! There are two general forms of underpaint
corrosion on carbon steels: cathodic disbondment and corrosion product wedging or oxide
lifting.32 In cathodic disbondment, water and oxygen penetrate the coating through micro
or macro defects in the coating where they come in contact with the substrate.31.32

Hydroxyl ions are formed by the reduction of oxygen and water (Equation 1.2) which then
break the bonds between the coating and the substrate causing disbondment.32 The
accompanying anodic reaction is the dissolution of iron at the site of the defect (Equation
1.3) and is coupled to the nearby cathode, which is under the coating surrounding the defect

(see Figure 1.3).32

Corrosion product wedging occurs when accumulated corrosion products, which occupy
more volume than the metal, exert stresses which reduce the adhesive strength of the

coating (see Figure 1.3).32.33 The lifting action of oxides and the subsequent undercutting is
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seen with wet-dry cycling, and not in continuous immersion.32 It is believed that the reason
for this is that colloidal corrosion products are deposited during drying and then do not
dissolve upon rewetting.32 It is this constant buildup of corrosion products under the
coating that leads to corrosion product wedging as shown in Figure 1.3. When corrosion
product wedging occurs, scribe creep is caused by the mechanical stress of the corrosion

products exceeding the adhesive strength of the coating to the substrate.

3 3
~0,+=H,0+3e" - 30H" 1.2
4 2
Fe — Fe?t + 2e~ 13
Coating degradation
caused by underpaint
corrosion
Scribe
Cathodic
) disbondment Corrosion Corrosion
coating product wedging product wedging

0, Diffusion through
corrosion products

0, +4e +H,0 = 40H 0, Diffusion through
the coating

1018 steel Corrosion initiated

substrate 2Fe(OH), decomposes to FeO at defect
FeO + H,0 - Fe,05 + 2H

Figure 1.3 Schematic of cathodic dishondment and corrosion product wedging on organically
coated steel.32
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Another form of corrosion commonly seen in organically coated steel is filiform corrosion
(FFC). Because iron has two oxidation states (Fe2* and Fe3+) and can form various oxides
and hydroxides, the mechanism of FCC is somewhat complex. Iron dissolves at the head of
the filament to Fe2+ (Equation 1.3) where there is less oxygen. These ions then move to the
back of the head where there is more oxygen and are further oxidized to Fe3* (Equation
1.4).34

1 1
Fez++ZOZ+EH20—>Fe3++0H‘ 1.4

FCC filaments in iron have a noticeable V shape that separates the head of the filament from
the tail (visible in Figure 1.4).35 It has been suggested that the cause of this V-shaped region

is a membrane of Fe(OH)3; (Equation 1.5).3¢

Fe3* +30H™ — Fe(OH); 15

The ferric hydroxide can further react to form ferric oxide corrosion product (Equation

1.6).34

2Fe(OH)3 - Fe,03 + 3H,0 1.6

Figure 1.4 shows an optical micrograph that shows structure of a growing filament on

epoxy coated 1045 steel .35
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Figure 1.4 Optical micrograph showing the structure of a growing filament on an epoxy
coated 1045 carbon steel.35 A distinct transition region between the head and the tail can be
seen with a noticeable V-shape. This may be a Fe(OH)3z membrane.

Although the mechanisms of cathodic disbondment, anodic wedging and FFC are well
defined,3!.32 the effects of environmental severity factors on these processes are not well
understood. ESFs that attack the coating specifically, like ozone and UV, could cause defects
that allow the penetration of water and oxygen. Other factors that attack the substrate,
such as chloride, could facilitate the accompanying anodic reaction at the defect. It is
therefore necessary to elucidate the impact of individual ESFs on unit corrosive processes

that affect scribe creep.

1.4 Influence of Environmental Severity Factors on Scribe Creep
and Bare Steel Corrosion

Literature on the corrosion of coated metal systems and LALTSs has provided a number of

ESFs that affect corrosion of bare metals and underpaint corrosion. However, the singular
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effects of isolated corrosion drivers on coated metal systems are poorly understood. To
address this issue, this thesis has investigated the following ESFs individually and in
combinations. A brief review of the effects of ESFs on organic coating degradation and

metallic substrate corrosion is presented.

141 Temperature

Temperature is known to increase the rate of chemical reactions, including corrosion
reactions.3! The reaction rate of a corrosion reaction approximately doubles for each 10°C
rise in temperature for all types of corrosive attack.3? Additionally, not only does
temperature itself affect the corrosion rate, but increased temperature also increases the
corrosivity of other environmental factors.38 For example, in a study of temperature and
sulfur dioxide on mild steel, it was found that the change in corrosion rate caused by a
specific increase in sulfur dioxide was greater at higher temperatures (Figure 1.5).38 Many
standard LALTSs, including the ASTM B-117, ASTM D-5894, and the ASTM G-85 Annex 1
through Annex 5, specify elevated temperatures.1539 40 The effect of temperature is of
considerable importance in atmospheric exposures where the temperature cycles
throughout the day and throughout the year. Most models of the atmospheric corrosion of
bare steel have temperature as an integral component, like the model given in Equation 1.7
(where ML is mass loss, t is time, [SO-] is the concentration of SO, RH is the % relative

humidity, and T is temperature).21.28,29

In(ML) = 3.54 + 0.331In(t) + 0.13In[SO,] + 0.020RH — 0.036 (T — 10) 17

19



Figure 1.5 Graph showing the effects of temperature and sulfur dioxide on the corrosion rate
of bare mild steel.38 Reprinted with permission from P.]. Sereda, Atmospheric factors
affecting the corrosion of steel. Industrial & Engineering Chemistry, 1960. 52(2): p. 157-160.
Copyright 2014 American Chemical Society.

Itis also important to consider the effect of temperature on the polymer coating. Generally,
polymers have much lower melting temperatures than metals.4! Polymers have an
important parameter called the glass transition temperature (T); the temperature at which
an amorphous solid polymer transforms from a stiff state to a rubbery state.#! For the
bisphenol-A (BPA) based polymer used in this study, the glass transition temperature is
149°C.42 This means that the mechanical and chemical properties of the polymer coating
were not likely altered in any significant way by the temperatures encountered in this

study.
20



142 pH

The effect of pH on iron is well known.#3 In aerated solutions at low pH iron corrodes freely,
while at high pH iron forms a passive oxide on its surface (Figure 1.6).43 The effect of pH on
the corrosion rate of bare iron in aerated water is shown in Figure 1.7.44 This figure shows
that iron will corrode freely across much of the pH range. However, once the hydrogen
evolution reaction (HER) begins (Equation 1.8), iron corrosion proceeds at a greater rate.
Other reactions that often take place in corrosion can both raise or lower the pH of the
electrolyte solution. For example, the oxygen reduction reaction (ORR) causes an increase
in the pH either by consuming hydrogen ions in acidic solutions (Equation 1.9) or by

producing hydroxyl ions in neutral or alkaline solutions (Equation 1.10).32
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Figure 1.6 Pourbaix diagram for iron.43
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Figure 1.7 Graph of the effect of corrosion rate of bare iron as a function of pH.*4
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In atmospheric corrosion there are many factors that can influence pH. An aqueous
solution exposed to air will become acidic due to carbon dioxide being absorbed and
converted to carbonic acid.2! At normal atmospheric concentrations, pure water exposed to
air will equilibrate at pH 5.7.21 Additionally, aerosol particles in the atmosphere can
introduce sulfate or nitrate species that can also lower the pH of the water layer on the

surface of a metal sample.2! Sulfate and nitrate species can lower the pH of rainwater as
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low as 4 in some marine and industrial locations, and in some instances individual droplets

on the surface can become even more acidic.4> 46

The effect of pH on the polymer must also be considered. Generally, polymers are more
resistant to acid attack than metals.#! Many different polymer coatings, including
polypropylene (PP) and polyaniline, are used to protect steels and other metals from acid
attack.47-50 In one example, mild steel was coated with PP or polyethylene tetraphthalate
(PET) and exposed to acetic acid to simulate the conditions often found in canned goods.*”
[t was found that PP was more resistant to acid attack and therefore protected the steel
substrate better than PET. Bisphenol-A based coatings, such as the one used in this study,
have been found to be resistant to attack by solutions of 10% hydrochloric acid, 10%

sulfuric acid, and 2% lactic acid.5!

1.4.3 UV Radiation

UV radiation was not considered in many early LALTs, such as the ASTM B-117. While it
has since been found to be an important factor of degradation of organic-coated metals that
are exposed in the field, it was never considered to be a significant factor in the corrosion of
bare metals.18 52-54 Recent work at UVa, however, indicates that UV can lower the corrosion
rate of bare steel.55 In one study, bare 1010 steel samples were sprayed with a saline
solution and placed in a chamber with constant 98% RH for 100 hours. When the samples
were exposed to UV light (A=340 nm, 50 W/m?2) for the duration of the test the corrosion
rate was lowered from 13.03 MPY to 6.94 MPY for a salt loading density of 350 pg/cm? and

from 11.62 MPY to 9.28 MPY for a salt loading density of 700 pg/cm?2.5> When 8 ppm ozone
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was added to the exposure chamber, UV light once again lowered the corrosion rates from
30.34 MPY to 15.53 MPY for a salt loading density of 350 pg/cm? and from 29.49 MPY to
21.34 MPY for a salt loading density of 700 ug/cm? (Figure 1.8).55 No mechanism for this

effect was proposed by the authors.
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Figure 1.8 Graph of the effect of UV light (A=340 nm) on the corrosion of bare 1010 steel at
various salt loading densities with and without ozone.

UV radiation is also known to be an important factor in the degradation of organic coatings
on metals in field exposures.1852-5¢ UV radiation reduces barrier properties of organic
coatings by breaking bonds in the polymer, causing damage to crosslinking chains and
polymer backbones.18 UV driven reduction in coating barrier properties has been
demonstrated in previous work examining melamine (C3HeN¢) bridges that form between
polymer chains as polyester resins harden.!® Coating degradation can be monitored by
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tracking the change in melamine quantity with FTIR as the coating is photo-oxidized by UV
radiation.’® When melamine bridges irradiated with UV light break down, a coating’s barrier
properties to moisture and ionic species become compromised, resulting in the formation of
blisters and corrosion.!®8 Photo-oxidation of polymer coatings begins at the surface and
progresses downward into the coating.53 Studies of coated systems exposed to UV reveal
that coatings that show very good resistance to blistering in ASTM B-117 are far less

protective after exposure to UV radiation.!8

Other work in organically coated metals demonstrates that defect area, coating
permeability, and water uptake amount and kinetics increase with increased exposure to
UV irradiation.5*#56 One study on galvanized and phosphated steel coated with a polyester
resin used EIS to measure the change in pore resistance as a function of exposure to UV
radiation.5? Pore resistance has been shown to be a measure of the defect area of the
coating (a lower pore resistance corresponds to a higher defect area) and can be found by
modeling the surface as an equivalent electrical circuit.58 59 Using this method established
by earlier groups, Deflorian et al. were able to find the pore resistance. Figure 1.9 shows the
change in pore resistance over time for samples immersed in 5% sodium chloride solution
for three different UV irradiation times. From Figure 1.9, it can be seen that the defect area
of the coating increases with increased exposure to UV radiation. This is attributed to the
photo-oxidation of the coating polymer causing defects (which the authors assumed to be
micro-cracks) where corrosion can initiate.5? Therefore, the primary effect of UV light on

organically coated metals is degradation of the coating.
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Figure 1.9 The pore resistance for polyester resin-coated galvanized and phosphated steel as
a function of time. Three different UV irradiation times are shown. The samples were
immersed in 5% sodium chloride solution.5?

1.4.4 Ozone

As a strong oxidizer, ozone can cause the corrosion of bare unalloyed carbon steel by
itself.5560.61 Other work with ozone and UV on silver found that ASTM B-117 with UV and
ozone added produced corrosion products that matched those seen in field exposures,
unlike ASTM B-117 without ozone and UV.62 Recent work with bare 1010 steel loaded with
NaCl on the surface and placed in a controlled humidity chamber shows that 4 ppm greatly
increases the corrosion rate (Figure 1.10).55 However, when the ozone level is raised to 8
ppm, the corrosion rate is lower than with 4 ppm ozone (Figure 1.10).55 The authors
proposed that the ozone may have a passivizing effect on the steel (e.g. the ozone may be

creating a passive oxide on the surface).
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Figure 1.10 Graph of the corrosion rate of bare 1010 steel at various relative humidities and
saltloading densities for three ozone levels. The colored lines across the graph show the
corrosion rates of bare steel at Kennedy Space Center and in the ASTM B-117. Figure adapted
from 55,

Ozone has also been shown to increase corrosion rates on bare steel by turning nitrogen
dioxide (NOz), a gaseous pollutant in the atmosphere, into nitric acid (HNO3) (Equations

1.11, 1.12 and 1.13).60

NO, + 05 - NO5 + 0, 111

NO; + NO, > N,Os 1.12
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N,Os + H,0 - 2HNO, 1.13

The oxidation of NO, to NO3 by ozone occurs in the gas phase (Equation 1.11), as does the
reaction of NO3 with NO_ to form N,Os (Equation 1.12). N2Os is a relatively unstable
molecule and reacts quickly with H,0 in the air or in the aqueous film on the surface of the

metal to create nitric acid (Equation 1.13).60

Ozone can also react with sulfite ions (formed when sulfur dioxide reacts with water) in the

water film to create sulfate ions, a known corrosion driver (Equation 1.14 and 1.15).60

SO, + H,0 - SOZ™ + 2H* 114

S05™ + 05 —>SOf_+02 1.15

Ozone has been found to concentrate nitrogen- and sulfur-based corrosion species on the
surface of steel,60 even when the concentration of these species in lab air is 10 ppb and 0.6
ppb, respectively. Additionally, a study of atmospheric exposure of weathering steel found
that as SO, concentration in the atmosphere decreases due to increased environmental air
pollution standards, the influence of ozone on the corrosion of steel becomes more
pronounced.22 On aluminum, 10 ppm ozone caused more material loss and a lower surface
water film pH than sulfur- and nitrogen-based pollutants at equal amounts (Figure 1.11).61
The lower surface water film pH is believed to be caused by the fast oxidation of NO; by

ozone.
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Figure 1.11 Graph showing the relative material loss of pure aluminum exposed to different
pollutant gases (left), and a table showing the pH of the surface water films produced in each
exposure environment (right) after 4 weeks of exposure.t1

Although no studies of the effects of ozone on the corrosion of organically coated steel have
been completed to date, there is literature on the effect of ozone on polymers. Ozone
preferentially attacks double bonds found in many polymers.63-65 The oxidation of the
double bonds in the polymer backbones and the crosslinking chains in organic coatings
causes embrittlement of the coating.65> Additionally, ozone has been shown to initiate chain
oxidations, i.e., the reaction of ozone with polymers produces peroxyradicals that further
oxidize the base resin and binders.6* This damage to the coating creates defects where
water and other ESFs can come into contact with the metal substrate and initiate corrosion.
Studies of the effects of ozone on bisphenol-A in aqueous solution show that ozonation of
water can break down BPA in water.66-68 However, to date there are no studies on the
effects of ozone in the gas phase or dissolved in water on solid BPA. In summary, ozone is a

very reactive ESF that can attack both the organic coating and the metal substrate.
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1.45 Chloride

The addition of chloride ions has long been used in LALTSs for steel alloys for many reasons.
Chlorides are one of the principle pollutants in atmospheric corrosion and can accelerate
the corrosion rate of metals by several orders of magnitude.t® They are found in abundance
in marine and coastal regions in the form of aerosol particles from the ocean, as well as in
industrial areas from pollutant gases.¢® In temperate climates, chlorides come from de-icing
salts used on roadways in urban areas. Chloride salts often dissociate in water films that
form on the surface of metals exposed to the atmosphere creating an electrolyte solution,
which is needed for corrosion to take place.5® The concentration of chloride in the film or in
droplets on the surface of the metal depends on %RH, with concentration increasing as
%RH decreases (Figure 1.12).70 Chloride ions have a high diffusivity and interfere with
passivation.”! By compiling data from different sources, Feliu et al. showed the strong
correlation between chloride deposition rate and corrosion rate on bare steel (see Figure

1.13).20
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Figure 1.12 Concentration of NaCl in water droplets as a function of %RH. Values predicted
using OLI software.”0
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Figure 1.13 The effect of chloride deposition rate on mild steel corrosion rate in
atmospheric exposure.2? The authors combined data from many literature sources.

There is some literature on the effects of ions on polymer coatings.”277 However, these
works mainly look at the effect of positive ions on the coating. One study compared

chloride salts to the delamination rate of polybutadiene coatings on steel.”? It was shown
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that the delamination rate correlates with the diffusion coefficient of the chloride ions in the
electrolyte solution (Figure 1.14).77” However, the effect was shown to be caused by the
cation in the electrolyte and that any effect of the chloride ion was indistinguishable.”” A
later study proposed that the correlation of diffusion coefficient to delamination rate was
due to galvanic current between the local anodes and local cathodes and was only possible
if cations could be transferred from the anodes to the cathodes.”® Another study showed
that sodium ions (from NaCl) degrade polybutadiene coatings by either ion exchange
reactions in the coating or by breaking the bonds at the polymer/metal interface.”3> When
the polymer was exposed to BaCl; the same effects were not seen, ruling out the Cl-ions as
the cause of the coating degradation.”3 Other work showed that when mild steel coated
with polybutadiene was polarized to -0.8 V vs. Ag/AgCl, not only was the rate of cation
migration through the coating increased, but the rate of Cl- ion migration increased as
well.7* The authors proposed three possible explanations: 1) the accumulation of positive
charge at the coating/metal interface attracted the Cl- anions, 2) the applied potential may
enlarge minute pores in the coating allowing for greater diffusion rates, or 3) applied
cathodic potential increased the diffusion rate of water through the coating, and the
solvated Cl- anions diffused with the water.”# Lastly, a study of poly(methyl methacrylate)
(PMMA) polymer for slow-release medicine applications showed that 0.1 M Cl- slowed the
diffusion rate of water through the coating, though no explanation was given.’® There are
no known studies on the effects of chloride ions on BPA specifically. In summary, chloride is
very corrosive to the metal substrate in organically coated steel, but has an uncertain effect

on the coating itself.
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Figure 1.14 Plot showing the correlation of delamination rates of polybutadiene coatings on
steel with the diffusion coefficient of the electrolyte in solution.””

1.4.6 Relative Humidity and Time of Wetness

Electrochemical corrosion cannot occur without an electrolyte.21.80.81 The usual electrolyte
is composed of thin films of water with impurities on the surface of the metal.8! In regards
to atmospheric corrosion, it is important to know how often the surface of a metal is wet.
Surfaces can be wetted by rain or dew. Water films can also form on the surfaces of metals
due to humidity in the atmosphere.2! This has led to the concept of Time of Wetness (ToW).
ToW is defined many different ways, but perhaps it is best defined by Leygraf et al. as “time
during which a corrosion stimulating film exists on the surface.”2! Many aerosol particles
that accumulate on metal surfaces are hygroscopic and absorb water from the atmosphere.
Called deliquescence, this phenomenon can cause the surface of the metal to wet at a lower
relative humidity than would be expected for a clean, bare metal surface.2! The
deliquescence of hygroscopic species on a metal surface can cause corrosion at low relative
humidity. Study of the relationship between relative humidity and deliquescence led to the

development of the concept of critical relative humidity (% RHcit). Vernon first observed
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the existence of critical relative humidity in studies of bare copper exposed to varying levels
of humidity and sulfur dioxide (SO2), a common pollutant.82 83 Samples were exposed at five
different %RH levels; 50%, 63%, 75%, 99% and 100%. A “profound” difference in
corrosion rate was found between 63% and 75% RH when sulfur dioxide was added to the
exposure atmosphere. This was true for all levels of sulfur dioxide tested. The % RH level
at which corrosion rate sharply increases is called the critical humidity. This critical
humidity is the humidity level at which hygroscopic particles begin to absorb water from

the air.82.83

Time of Wetness, however, is very difficult to accurately measure due to the following
reasons. As noted above, different aerosol particulates that can be present on the surface of
a sample deliquesce at different relative humidities. For example, the deliquescence point of
NaCl is 75% RH.84 For other common aerosol particles such as (NH4)2S04, NH4Cl and
(NH4)HSO4 the deliquescence points are 79%, 77%, and 39% respectively.2! Additionally, a
fully dry NaCl particle will deliquesce at 75% RH, but a wetted NaCl particle may not fully
dry out until 43% RH, allowing corrosion to continue below the deliquescence point of NaCl
(Figure 1.15).85 Another issue is that the wettability of the surface can change. For
example, the wettability of water is much greater on rust than on bare steel, causing
droplets to spread out more on rust than on bare steel.86 Lastly, ToW sensors are limited in
their practical ability to sense time of wetness. A common ToW sensor is an interdigitated
array of metal electrodes embedded in an insulator (Figure 1.16).87 When the electrodes
are bridged by a water droplet or film, the electrical connection is completed and the sensor
records the surface as being wet. However, the issues noted above, deliquescence and

efflorescence, and the changing wettability of a corroding surface versus the wettability of

34



the metal electrodes or the insulator between them can cause discrepancies between the

ToW measured by the sensor and the actual time that the sample is in a corroding state.88
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Figure 1.15 Graph of mass change of a sodium chloride particle with respect to relative humidity.
The deliquescence point is 75% RH and the efflorescence point is 43% RH.%
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Figure 1.16 A Campbell Scientific 237L leaf wetness sensor.

Water vapor from the air can also be absorbed by polymers.89-91 One study used fluorescent
tracer molecules to track the changes in plasticity as a function of % RH in
poly(vinylpyrrolidone) (PVP) films on glass substrates (Table 1.4).89 It was found that at
%RH above 50% the tracer molecules became mobile and were able to diffuse through the
PVP and that as the % RH increased, more molecules were able to move.8? This is because
the water acts as a plasticizer, causing the film to swell and increasing the distance between
the polymer chains, which makes the material more flexible.®? This uptake of water also
allows dissolved ions to migrate through the coating, which in the case of coated metals, can
cause corrosion initiation at coating defect sites.’* Another study on the effects of cure time
on bisphenol-a based epoxy resin sheets found that as the relative humidity increased, the

equilibrium moisture level in the epoxy increased as well.92
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Table 1.4 Table of the mobility of fluorescent tracer molecules in PVP films as a function of
%RH.8° Numbers indicate the fraction of tracer molecules undergoing each kind of motion.

Category of Motion
RH (%) Immobile Cl\‘/’[r;ftiir:;d Subdiffusion Dlj;’ffl:zln
20-50 0.96 0.04 0 0
~55 0.64 0.31 0.04 0.01
60+2 0.23 0.06 0.47 0.24
75+2 0.08 0.04 0.57 0.31

1.4.7 Wet/Dry Cycling

When discussing the quantification of ESFs it is important to note that cycling is a different

type of corrosion driver. ESFs such as chloride levels and UV exposure can be easily and

accurately quantified. However, cycling is an action and must be expressed in terms of

other quantities. For example, if we were to quantify running, we would do it in terms of

distance covered or time spent running, but to directly quantify running in terms of itself

has no actual meaning. Therefore, it is important that cycling is clearly defined in this work

and is directly comparable to field exposure. As has been shown previously, the cycling of

many different ESFs can play a role in the scribe creep of coated metal systems. To cycle

every ESF that may have an effect on scribe creep rate and then quantify the effects would

be a large task and is not in the scope of the current work. Wet/dry and temperature

cycling are almost always encountered in the field. For steel, wet/dry cycling appears to
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have the greatest effect on the scribe creep rate, while temperature appears to have a lesser
effect.?3 In this work cycling was quantified by the effect of wet/dry cycling on scribe creep

rate.

Materials exposed to the environment experience many natural cycles. Day and night leads
to a cycling of UV irradiation, as well as temperature and humidity. Cycling in LALTs
provides results that are closer than non-cycling LALTSs to field results, as demonstrated in
the following examples. Wet/dry cycling has been shown to increase the adhesion
degradation and delamination of organic coatings on mild steel.93-95 The reason proposed
for this is that during continuous exposure to salt spray the corrosion products at the scribe
creep front are washed away, so there is little mechanical lifting of the film.%¢ In contrast to
wet/dry cycling, the corrosion product is able to precipitate during the dry cycle, resulting
in much more voluminous corrosion product at the scribe creep front.9* This corrosion
product wedge creates more potential paths for oxygen and electrolyte to diffuse to the

scribe creep front and exerts a mechanical stress on the coating.% 9

Wet/dry cycling has also been shown to increase the corrosion rate of bare metals.%6-98
Using a Scanning Kelvin Probe (SKP), Stratmann et al. were able to show that the corrosion
rate of pure iron increases as the metal surface dries.97 As the surface electrolyte layer
becomes thinner, salts concentrate and oxygen diffusion through the electrolyte becomes

faster and allows for an increased corrosion rate.%”

Wet/dry cycling can also have an effect on polymers. In a recent study, the behavior of a

commercial polymer membrane for fuel cells was subjected to repeated wet/dry cycles.9®
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The membrane was mounted in a frame and subjected to cycles consisting of two hours at
90% RH and two hours at near 0% RH, both at 70°C. After 136 cycles, it was found that the
mechanical strength of the membrane had decreased by roughly 15%. Itis believed that the
repeated swelling and shrinking of the membrane caused mechanical stress that degraded
the mechanical strength.9® For bisphenol-A based polymer films, there are no known

studies on the effects of repeated wet/dry cycling.

For these reasons, wet/dry cycling is believed to be an important factor in scribe creep, but

observation based empirical studies are unclear.

1.5 Overall Critical Unresolved Issues

To date, there has been little systematic variation and evaluation of corrosion drivers in the
lab or field to study the effects of each ESF on the processes controlling scribe creep.
Although a few examples of individual corrosion drivers can be found in the literature,
overall, widespread systematic studies have not been performed. Often, all the drivers that
may affect a system have been “lumped together” in some combination at relatively high
levels, which comprises the LALT.14 100 As a result, LALTs are typically much more severe
than field environments. The conventional notion has been that good coating performance
in the severe LALTs will mean good performance in the comparatively benign field, even if
the drivers differ. However, in reality combining all drivers obscures the impact of
individual corrosion drivers on substrate corrosion and impairs understanding of the
effects of individual corrosion drivers on the degradation of the coating itself, as well as the

interactions between the coating and the substrate during the degradation of the system.
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Moreover, many studies rely on visual inspection or a few limited interrogation methods.1*

18,100

In a coated system, the effects of corrosion drivers on the degradation of the coating itself
must be studied in addition to the effects on the substrate. Factors such as UV may have a
much greater effect on the degradation of the coating than on the corrosion of the metal
substrate. Effects of underpaint corrosion and scribe creep on the resulting chemistry
under the coating are also important aspects of the overall degradation of the coated metal
system. Other factors affecting the coating are corrosion product wedging and physical
damage to the coating caused by growth of corrosion product upwards into the coating. All
these factors are presently poorly understood as a function of ESFs, and insight must be
gained as to how they affect the degradation of the coating so that quantitative laws
describing scribe creep and impedance decreases can be developed. No models that relate
scribe creep length to the effects of ESFs have yet been constructed. Such models could be
connected to the construction of LALTSs that better mimic field environments if the relative

influence of the drivers can be determined.

To accurately mimic field environments and systematically study the effects of isolated and
combined corrosion drivers, a controlled cycling of the corrosion drivers is needed. There
is no one lab exposure device that can cycle humidity, UV, condensation, chloride deposition
and concentration of gases (e.g. ozone). Existing exposure systems must be modified and
perhaps new systems made to accurately control and cycle the corrosion drivers needed for

this study.
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The following important issues must be resolved in order to properly begin to construct

LALTSs:

1. One must determine the effects of individual corrosion drivers on underpaint
corrosion, scribe creep, and coating polymer degradation using high-level
surveillance in order to understand their role and quantitative impact on the
coating/substrate system.

2. Anunderstanding of the combined effects of key corrosion drivers on underpaint
corrosion using high-level surveillance must be gained. To do this, we must
understand how the effects of corrosion drivers on the metal, the polymer coating,
and the system as a whole interact to cause underpaint corrosion and scribe creep.

3. One must determine the extent of degradation of the organic coating triggered by
the environment, versus degradation triggered by conditions developing at the
coating/metal interface (i.e., caused by underpaint corrosion).

4. A scribe creep model based on the effects of corrosion drivers on the
coating/substrate system must be developed for organically coated steel alloys.
Such a model would shed light on the relative impact and interplay between various

ESFs.

1.6 Overall Problem Statement

Field tests and LALTSs to determine the service life of coated metals do not always produce
the same mechanism of corrosion; specifically, field tests usually have limited agreement

with the ASTM B-117 method despite its severity. A fundamental understanding of the
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effects of corrosion drivers in terms of role and quantitative impact, both individually and in
combination, must be gained in order to improve understanding of the differences between
LALT and field exposures. Additionally, acceleration factors for many systems are

unknown, even when the mode and mechanism of field and lab attack are similar.

1.7 Overall Objective

The overall objective of this work is to understand the role of environmental severity
factors on scribe creep of coated steel in specific lab and field environments. Specific goals

to accomplish this task include:

e Comparison of corrosion phenomena during standard lab tests and field exposures.

e Conduct high-level surveillance of degradation using a suite of characterization
techniques suitable for both the polymer coating and the metal substrate in order to
compare phenomena at the highest level possible.

e Selection of some of the ESFs important to corrosion in LALTs and field exposures.

e Setup and implementation of an experimental matrix to test the effects of selected
ESFs.

e Construction of an empirical statistical model of scribe creep that accounts for

selected environmental severity factors.
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1.8 General Approach

As detailed previously in Section 1.2.3, there are many drawbacks to the traditional
approaches to designing new LALTs. Briefly, they are 1) a lack of comprehensive and
systematic study of the ESFs incorporated into LALTS, 2) a reliance on visual inspection and
other low fidelity surveillance techniques and 3) comparing new LALTs to ASTM B-117 to
determine the efficacy of the new LALT. These drawbacks must be overcome to build new

and improved LALTSs from the “bottom up.”

1.8.1 A “Bottom Up” Approach

Instead of a trial and error approach, the current study addresses the construction of LALTs
in a “bottom up” fashion, whereby specific environmental corrosion factors are isolated,
examined, and their effects elucidated. Ultimately, these data indicate the role and
quantitative impact of specific environmental severity factors which impact the corrosion

rate and thus service life of coated metal alloys.

In this study, selective testing with variation in environmental severity factors was used to
identify key corrosion factors and elucidate their effects on a clear organic coating
(Poly(Bisphenol A-co-epichlorohydrin) glycidyl end-capped (Ci1gH2203)neC22H2604; CAS No.
25036-25-3,trade name Eponol) and underlying steel substrate (UNS# G10180; 0.15% C,
0.7% Mn, Fe; wt. %). This clear coating system allowed for visual interrogation that would
not have been possible with an opaque coating, giving real time data of the extent of scribe
creep underneath the coating. Collaboration with James Rawlins and Michael Blanton at the

University of Southern Mississippi (USM) School of Polymers has helped to determine
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mechanism of degradation of the coating itself. USM specializes in polymer research and
has the expertise and instrumentation to gather information about the coating that would
not be possible at UVa. Free films were exposed at UVa and analyzed at UVa and USM to
determine the environmental effects on the coatings without any coating/substrate
interactions. Coated metal samples were also sent to USM to help elucidate the effects of
the coating/substrate interaction on the overall degradation of the coated systems.
Comparison of coating degradation mechanisms between lab and field provides insight into

the overall degradation of the systems in field and LALT exposures.

The following sections present, in greater detail, how this “bottom up” approach was

accomplished.

1.8.1.1 Importance of Using Multiple High-Level Surveillance Methods

In order to accurately characterize and understand the many different aspects of the
metal/coating system and the processes that lead to scribe creep, many different high-level
surveillance characterization techniques were used. These methods are able to give
detailed characterization data about the substrate degradation, the coating (namely its
molecular and electrical degradation), or both. These methods also make use of the
advantages of using a clear coating system, namely that the extent of scribe creep can be

monitored in real time and the morphology of scribe creep (i.e., filiform vs. a more uniform
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scribe creep front) can be visualized underneath the coating. What follows here is a brief
mention of each method and the reason they are used. An in depth description and detailed
description of how each method was used appears in subsequent chapters. For this work,

the following characterization methods have been used:

1.8.1.1.1 2D and 3D Digital Optical Microscopy

3D optical microscopy allows for the tracking and quantification of scribe creep and
corroded area over time based on color change. The use of a clear coating allowed for
visualization of the surface of the substrate underneath the coating that cannot be done
with an opaque coating. 3D images were also used to create line profiles of the scribe lines
over time. This was done to track the changes in topography as the scribe corroded and
scribe creep progressed from the scribe. Figure 1.14 shows two images of a scratch on a
1018 steel sample. The left image is of a bare sample, the right is of the same sample after
it has been coated with the clear Eponol coating. Figure 1.14 shows that the surface of the

substrate can be easily imaged through the clear coating.
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Figure 1.17 Images of a scratch on the surface of a 1018 steel sample. The left image shows
the bare surface before the clear coating was applied. The right image shows the same sample
after it has been coated with a clear epoxy coating. Images taken with a confocal laser
scanning microscope using a HeNe laser (A = 542 nm).

1.8.1.1.2 X-Ray Diffraction (XRD)
XRD is a commonly used method of determining the identity of corrosion products as long
as they are crystalline. XRD is quick and non-destructive and allows for an easy comparison

to other studies.

1.8.1.1.3 Raman Microscopy

Raman microscopy is a surface sensitive spectroscopy method that detects the molecular
identity of corrosion products. It is used to determine the species that form on the surface
of the samples that are either amorphous or in limited quantities below the detection limits
of XRD. Raman microscopy in conjunction with XRD allows for better detection of corrosion
products than using XRD alone.
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1.8.1.1.4 Fourier Transform Infrared Microscopy (FTIR)

Fourier Transform Infrared Microscopy detects molecular bonds and was used to monitor
degradation of the coating over time. FTIR allows for the detection of coating degradation
that is not visible with optical microscopy. Eponol films cast on inert polypropylene
substrates were exposed, and, after exposure, the films were removed and analyzed. The
polypropylene substrate on which the Epoxy resin coating was cast was inert, and thus has
no effect on the degradation of the coating. This isolated the effects of the environment
from the effects of underpaint corrosion on degradation of the coating. Degradation of the
coating was observed by comparing the results of an unexposed coating to exposed

coatings.

1.8.1.1.5 Electrochemical Impedance Spectroscopy (EIS)

Electrochemical Impedance Spectroscopy was used to measure the change in the electrical
properties of the coating over time. EIS was performed at locations near to and far from the
scribe (Figure 1.18). The measurements were conducted near to the scribe in order to

sense coating damage due to corrosion, and far from the scribe to examine “intact” coatings.
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Figure 1.18 Schematic showing locations where EIS was performed on coated and scribed
samples.

1.8.1.1.6 Mass Loss Test Procedure

Mass loss is commonly used to determine the corrosion severity of atmospheric exposure
sites and LALTs on metallic substrates.2! Mass loss results show the relative severity of
standard LALTSs, non-standard LALTSs, and field sites in terms of corrosivity. Mass loss
results are also compared with scribe creep results to show the relative complexity of the

processes governing scribe creep as opposed to the processes governing mass loss.

1.8.1.2 The Metal/Coating System

AISI 1018 steel (UNS# G10180; 0.15% C, 0.7% Mn, Fe; wt. %) was chosen as the substrate
for all tests because it is used in many applications that require welding, forming, and
machining. In collaboration with the University of Southern Mississippi, a clear epoxy resin
(Poly(Bisphenol A-co-epichlorohydrin) glycidyl end-capped (Ci1sH2203)neC22H2604; Trade
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name Eponol) (see Figure 1.19)) was chosen for use in coating samples of steel. The chosen
epoxy resin is a high molecular weight resin used primarily as a constituent of paint
coatings and is clear which allows for the visualization of corrosion underneath the coating
in real time. The coating was applied to be 30 pm thick and had a high impedance of around
1011 Q-cm2. The choice of this clear resin as a coating for samples in field tests and LALTs
allows the underpaint corrosion to be seen. It also enables interrogation of the underpaint
environment by 3D optical microscopy and Raman microscopy, both of which penetrate the

clear coating to interrogate the substrate.
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Figure 1.19 Molecular structure of the ultra-high molecular weight epoxy resin used as a
coating in this study.

The surface of the metal samples were ground with 180, 240, 300, and 600 grit silicon
carbide paper to remove any surface oxide, even out any imperfections and create a clean
bare surface for the application of the coating. The samples were then blown with
compressed air to remove any large debris from the grinding. The samples were washed
with water and detergent soap and rinsed with Millipore water. After washing, the samples
were immediately blown dry with compressed air. The Eponol was applied to 1018 steel
samples by spin coating (early work) and by draw down bar (later work) to a thickness of
3045 microns. The latter method provided a much more uniform coating thickness. The

metal samples were cured for five days in lab air and then cured at 60°C for 24 hours. After
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curing, the samples were cut to 2.5 x 2.5 cm dimensions and then scribed by hand down the
middle with a diamond scribe tool. Figure 1.20 shows a top-down diagram of the coated

and scribed sample, while Figure 1.21 shows the sample and scribe in cross-section.

e— 15cm —>

— 25em —

Figure 1.20 Schematic of coated and scribed 1018 steel sample.

Scribe Line

Width = 15050 um

Topcoat Thickness = 305 pm
1018 steel

Figure 1.21 Schematic of Eponol coated and scribed 1018 steel sample. The substrate is
roughly 1 mm thick and the Eponol topcoat is 30+5 um. The scribe line is 150450 pum in

width.

Epoxy resin films were also cast on inert polypropylene substrates. These substrates were

exposed along with the bare and coated metal samples and were interrogated with FTIR

after exposure.
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1.8.1.3 Exposure Conditions

1.8.1.3.1 LALT Environments

The suite of LALT exposure chambers includes a humidity chamber, a cyclic condensation
(CC/UV) chamber, and a salt fog chamber. The salt fog chamber was modified by Ye Wan in
the RGK group to include UV lights (A = 340 nm) and an input for gases. The QUV™ allows
the use of elevated temperatures, humidity and condensation cycling, and UV exposure (A =
340 nm) in LALTSs. Figure 1.22 shows the spectrum of the lamps used in the QUV™ and
modified salt spray chamber compared with natural sunlight. It was also modified to enable
the input of additional gases. These chambers can be used to perform standard LALTSs such
as ASTM B-117 and ASTM D5894, and also allow for modified versions of standard LALTs.
Following a change in lab equipment, samples requiring both salt fog and UV exposure were
removed from the salt fog chamber daily and dosed with UV in the QUV™ chamber. A full

list and description of all standard LALTSs used in this work is given in Table 1.5.

1.5

Moon
Summer
Sunlight

UVA-340
Irradiance

Irradiance — W/m*/nm
[=]
b

T T T T T
27 80 310 330 350 ] 380

Wavelength [nanometers)

Figure 1.22 Spectrum of the lamps used in the QUV™ and salt spray chamber compared to
natural sunlight.191 Image reprinted with permission of Q-Lab Corporation, copyright 2014
(www.q-lab.com).
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Table 1.5 List of all standard LALTs used in this study.

Standard LALT

Conditions and Notes

Cl-

uv

Cycling

ASTM B-117

Standard practice for operating salt spray (fog) apparatus.
5% NaCl solution, continuous spray.!> ASTM B-117 SW used
ASTM synthetic sea water solution in place of the 5% NaCl
solution. ToW 75-100%

ASTM G-85 A3

Seawater acidified test, cyclic. Solution is 42 g of synthetic
sea salt and 10 mL glacial acetic acid per liter of solution.
2.8<pH<3.0. Test cycle is 0.5 hours spray of this solution
followed by 1.5 hours soak at or above 98% RH.40

ASTM G-85 A5

Dilute electrolyte cyclic fog dry test. Test consists of two step
cycles of 1 hour spray at room temperature and 1 hour dry
off at 35°C. Solution of 0.05% sodium chloride and 0.35%

ammonium sulfate.40

ASTM D-4587

Standard practice for fluorescent UV-condensation
exposures of paint and related coatings. 4 hours of UV (340
nm) at 0.89 W/m? at 60°C followed by 4 hours of
condensation (dark) at 50°C.102 Condensation comes from

the heating of water in a tray below the samples.

ASTM D-5894

Standard practice for cyclic salt fog/UV exposure of painted
metal (alternating exposures in a fog/dry cabinet and a
UV/condensation cabinet). A combination of ASTM G-85
Annex 5 and ASTM D-4587 Cycle 2. One week of ASTM D-
4587 (4 hours of UV (340 nm) at 0.89 W/m? at 60°C followed
by 4 hours of condensation (dark) at 50°C.) followed by one
week of ASTM G-85 Annex 5.3°

1.8.1.3.2 Field Environments

Initially, 1018 steel samples were prepared and deployed to sites around the country. Point

Judith, RI (P]) is a harsh marine site that experiences large variations in temperature and UV

irradiation through the year. Coconut Island, HI (HI) is a marine site that has relatively

constant conditions all year long. Los Angeles, CA (LA) is a moderate industrial area about
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three miles from the ocean. Conditions were too harsh for steel samples across all three of
exposure sites listed above. After three months, the samples returned so corroded that the
coating was severely degraded and little useful data could be taken from them. As a result,
steel samples were sent to Kennedy Space Center (KSC), a harsh marine environment, with
samples returned every two weeks for three months from November 2011 to January 2012.
Steel samples were also deployed at Birdwood golf course in Charlottesville, a
rural/suburban location. They were returned every two weeks for three months from April
to June of 2012. Alist of field sites used throughout this work and characterization data is

given in Table 1.6.

Table 1.6 Environmental severity factors for field sites.

Mean CI-
Mean O3 Mean
Mean Mean deposition
Site Location Concentration uv
Temp °C | RH (%) rate
(ppb) (W/m?)
(mg/m?/day)
Charlottesville,
15.6 64.6 47* - 1.08
VA
Kennedy
Space Center, 23.6 77.2 75.3* 0.6 640
FL
Note: “-“indicates that the data is not available. “*” indicates that the data were taken from nearby
NOAA site.

1.8.1.3.3 Full Immersion Tests
Additionally, coated and bare steel samples were exposed to full immersion tests (FIT).
FITs are also a traditional method of exposure for corrosion analysis of coated systems.103.

104 The FIT environment was 0.3 wt% NaCl solution, and the sample was exposed using an
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ambient aerated flat cell at room temperature. The benefit of performing FITs is that the
electrical potential can be controlled. This enables isolation of cathodic conditions with an
applied potential of -1V vs. SCE (saturated calomel electrode), or coupled anodic and
cathodic conditions with the potential allowed to float at open circuit potential (OCP). A FIT
was also performed at OCP using 5 wt% NaCl for comparison to the ASTM B-117 which uses

a NaCl solution of the same concentration.

1.8.1.4 Comparison of LALT, FIT and Field Results

By comparing the data gleaned from multiple high level surveillance techniques across all
exposures (LALT, FIT and field) the important variables that warranted further
investigation were made apparent. The comparisons were done in many ways. First
correlations between mass loss and scribe creep were performed to establish any possible
relationships between the two. The correlations are discussed in Chapter 2. Second,
statistical models were constructed for both mass loss and scribe creep from the available
data. The model for scribe creep can be found in Equation 1.16 where ML is mass loss in
mg/cm?, tis time in days, [Cl-] is chloride concentration in g/L, RH is mean % relative
humidity, and cycling is the number of cycles per day. The mass loss predictions for
Equation 1.16 for each LALT vs. the actual results is plotted in Figure 1.23. From this model,
it was determined that temperature, %RH, chloride, ozone, UV and pH were ESFs that
required further investigation. The model and reasoning for the ESFs chose are discussed

in Chapter 3.

ML =19.9(t¥/?) + 0.934[Cl"] — 0.33RH — 2.95(pH) + 2.4(cycling) 1.16
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Figure 1.23 Mass loss data for standard LALTSs plotted against Equation 1.16. Each curve for
Equation 1.16 uses as inputs the same environmental parameters as the standard LALT it is
plotted against. Results demonstrate strong agreement between the model and the LALTSs.

1.8.1.5 Fractional Factorial Design of Experiment

Classical empirical experimental design involving the effects of multiple variable is called
factorial design.105 In factorial design, the experimenter selects the variables to be tested
and the levels at which the variables will be used. The experimenter then performs
experiments with all possible combinations of variables and levels. This method generates

a great amount of data and, in theory, all main effects and all interactions between variables
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can be estimated.195 However, there are drawbacks to this type of experimental design. For
example, to test all possible combinations of factors with six variables at two levels would
require 64 individual experiments. The full 64 experiments would be needed to determine
not only the main effects, but all of the interactions between three, four or more variables.
Many of these interactions, especially higher-order interactions, generally have a negligible
effect on the overall trends of the data and can be disregardeds (this is analogous to
ignoring higher-order terms in a Taylor series expansion). Additionally, experiments that
have many variables have some variables with limited or even indistinguishable effects.105
However, using fractional factorial design of experiment, the same results from 64 factorial
experiments can be obtained by performing just eight experiments.195 Admittedly,
fractional factorial experimental design may confound higher-level interactions, meaning
that higher order interactions may be indistinguishable from each other, but the main
effects will not be confounded with each other and will be distinguishable.1%6 Performing
eight experiments for seven variables at two levels, known as a 27-4 factorial design, is a
fairly common experimental design choice.195 In this type of experimental setup, a high and
low level for each selected variable is chosen, and then the experiments are designed so that
the levels are varied systematically across all experiments. Any variable at a high or low
level will be exposed to every other variable at both a high and low level, thus allowing for
the determination of the main effects. The experimental design for these experiments can

be seen in Table 1.7.
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Table 1.7 Table of levels for variables in eight experiments for 27-# fractional factorial design.
“+” denotes the high level and “-“ denotes the low level.

Run Temperature Ozone Mean %RH Cl- uv Cycling
1 - - + - + -
2 - + - + + -
3 + + + + - -
4 + - - + - +
5 + + + - - +
6 + - - - + +
7 - - + - - +
- - + + + +
8

1.8.1.6 Isolation of Effects of and Analysis of Corrosion Factors in LALTs

The analysis of the entire coated system, coating and substrate, and the interactions within

can yield a more complete understanding of the roles of corrosion drivers present in field

tests compared to lab tests. This task is complicated, however, by the likelihood that some

ESFs affect the organic coating and some affect the corrosion of the metal. Those that affect

the coating may indirectly cause corrosion. For example, UV has been shown to have a

retarding effect on the corrosion of bare steel,>5 but UV damage can reduce a coating’s

barrier properties, leading to corrosion caused by other ESFs. Additionally, different

pretreatments, primers and coating materials could have an effect on the scribe creep rate,

57




making these aspects difficult to incorporate into an all-encompassing model. Finally, a
model incorporating many possible corrosion drivers would be difficult to create, due to the
large amount of data that would need to be obtained to make the law usable in real-world
applications. However, by focusing on the Eponol/1018 steel system, and by focusing on

the strongest corrosion drivers, an empirical model will be constructed in this thesis.

Isolation of ESFs by testing each ESF individually (i.e., with no other ESFs) is not a feasible
approach. Some ESFs cannot be uncoupled from other ESFs, such as chloride and time of
wetness. This is because water is needed to create the electrolyte solution required for
corrosion to take place (i.e., salt on the surface of steel in a perfectly dry environment would
have limited, if any, corrosive effect).2! Additionally, testing all ESFs that could be
uncoupled, such as temperature and UV, individually would only add to the 64 experiments
required to test all variables together at two levels (see Section 1.8.1.5). However, isolation
of the effects of ESFs is not the same as isolation of the ESFs themselves. With proper
experimental set up (fractional factorial design of experiment) and proper statistical

analysis, the effects of each ESF can be isolated.105

To understand the effects of ESFs on the coating alone, polypropylene substrates were
coated with Eponol. The polypropylene is an inert substrate and has no effect on coating
degradation over the course of testing. These samples were exposed in all standard and
non-standard LALTSs for 15 days as well as at BRD and KSC for two to six weeks. The Eponol
film was removed from the substrate and analyzed with FTIR, DSC, and TGA. These results
show the effects of the exposure environments on the coating itself without any interactions

with the corroding substrate.
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Bare steel samples were also exposed to determine the effects of ESFs on the steel without
any interactions with the coating. These samples were analyzed with mass loss, 3D

microscopy, Raman microscopy and XRD.

The results from the bare steel samples and the coated polypropylene samples were
compared to coated steel samples. This enabled the differentiation of mechanisms of
degradation and the effects of ESFs on the coating/substrate system as a whole as opposed

to the coating or substrate alone. Selected diagnostic tests were also performed.

1.8.1.7 Creation of an Empirical Scribe Creep Model

An empirical model was created using data from the experiments run in the fractional
factorial design of experiment. Using R statistical software, the main effects of individual
ESFs were determined.17 Linear regression was used to create an empirical model that

accepts ESFs as inputs and predicts scribe creep length over time

1.8.1.8 Importance of a Scribe Creep Model to the Corrosion Field

The scribe creep model based on multiple ESFs presented in this thesis provides insight into
the effects of selected ESFs on the processes that govern scribe creep. These insights could
be used to guide creation of future LALTSs for environments in which coated steels are
exposed to the selected ESFs. However, it is unclear whether the model will be robust
enough to predict outside of the database or for different coatings. Future work could

compare the model’s predictions to long term field exposures, with the goal of further
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refinement. Future work could also test the applicability of the model to other
coating/substrate systems. The model could also be used as a foundation on which to

create a model for other specific coated systems or perhaps even a generalized model.

1.9 Thesis Organization

Chapter 1 lays out the need for a “bottom up” approach to investigating scribe creep.
Known effects of selected ESFs on steel corrosion and coating degradation are presented.

The approach to be used in this work is presented.

Chapter 2 compares mass loss and scribe creep results for bare and coated steel samples
exposed in standard LALTs and at KSC. A non-standard LALT is also used to determine the
effects of UV on the system. High level surveillance methods are used to gain a more
complete understanding of the effects of ESFs on the coating substrate system. The

complexities of scribe creep compared with the corrosion of bare steel are discussed.

In Chapter 3, the data from LALTSs and field exposures are analyzed to determine possible
ESFs that have a strong role in scribe creep. Preliminary models for mass loss and scribe
creep are constructed to determine ESF levels for future experiments. Fractional Factorial
Design of Experiment is employed to create an experimental matrix to test the selected

ESFs.
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In Chapter 4, the data generated from the experiments run in Chapter 3 are analyzed and a

model is constructed. The model shows the relative importance of each ESF on scribe creep

and also investigates possible second order interactions.

In Chapter 5, conclusions are drawn and a discussion of future work is presented. A brief

summary of the work laid out. Directions for future investigations into the effects of ESFs

on the scribe creep of coated steel are proposed. The significance of this body of work is

expounded.
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2 Chapter 2 - Comparison of Scribe Creep and Underpaint
Corrosion on Eponol Coated 1018 Steel in Field
Exposures vs. LALTSs

2.1 Summary of Chapter 2

Corrosion and scribe creep of ultra-high molecular weight epoxy resin (Poly(Bisphenol A-
co-epichlorohydrin) glycidyl end-capped (CigH2203)neC22H2604; CAS No. 25036-25-3,trade
name Eponol) coated AISI 1018 steel (UNS# G10180; 0.15% C, 0.7% Mn, Fe; wt. %) was
investigated. Selected standard laboratory accelerated life tests (LALTs) were compared to
field exposures and full immersion tests (FITs) to elucidate similarities and differences
between scribe creep and corrosion on bare steel. To accurately discern these phenomena,
comparisons between LALT, FIT and field exposures were made using a suite of methods to
interrogate both coating and substrate degradation. The methods included electrochemical
impedance spectroscopy (EIS), X-ray diffraction (XRD), 3D optical microscopy, and Fourier
Transform Infrared Spectroscopy (FTIR). Mass loss on bare samples correlated positively
with scribe creep length on coated steel in the case of both lab and field exposure. The
results also demonstrated that LALTs without UV radiation and wet/dry cycling did not
correlate well with field exposure in terms of coating and corrosion degradation, as
compared to tests that incorporated these environmental factors. For example, ASTM G-85
Annex 5 modified to incorporate UV correlated well with field sites. This points to the need
for UV radiation to damage the polymer coating and wet/dry cycling to mimic the natural
diurnal cycles found at field sites. Additionally, FITs produced differences in oxide species

and scribe creep morphology compared to field exposures. By comparing similarities and

68



differences in scribe creep behavior and scribe corrosion products between field results and
LALTs, and by identifying environmental severity factors critical to underpaint corrosion,
the current study ultimately provides guidance that will enable the development of LALT

methods that better simulate field chemistry and environmental conditions.

2.2 Background - The Need to Understand the Roles of ESFs in
Underpaint Corrosion

The discrepancy between lab accelerated life tests (LALTs) and field tests of chromate-free
organically coated metal alloys is a well-known problem.!-12 For example, a review of the
development of accelerated test methods for atmospheric corrosion of organically coated
steel found that the rank order of systems exposed in accelerated tests were often not the
same rank order observed in field exposures.# Currently, it is not understood how
differences in environmental severity factors (ESFs) used in these tests cause such
discrepancies. This research seeks to increase understanding of the influence of
environmental stresses on the mechanisms and rates of scribe creep of coated steel and

degradation of intact organic coatings.

Many forms of accelerated tests, including cabinet tests, lot acceptance tests, and others, are
often used to predict the long term performance of coatings. However, discrepancies
between LALTs and field exposures undermine the utility and accuracy of accelerated
testing.3 61113 A recent study for the Department of Defense attempted to address these
discrepancies by examining the correlation in scribe creep between field exposed and ASTM
B-11714 tested samples of coated 2xxx and 5xxx series aluminum alloys.3 The authors

examined differences in scribe creep using the ASTM D-1654 Procedure A, which involves
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removing the coating using compressed air or mechanical scraping and then visually rating
the extent of corrosion. Based on their observations, two ways to improve correlation with
field exposures were suggested: a) evaluate additional replicates of the substrate for each
coating system to reduce sample to sample variability in the ASTM D-1654 Procedure A,!5
and b) expose samples to at least two different LALTS, for example ASTM B-117 and GM
9540P.3 However, these proposed solutions represent brute force approaches to remedy a
lack of correlation. They advocated testing more of the same samples and conducting a
greater variety of LALTs without understanding the underlying mechanisms nor how each
ESF affects the unit processes that drive scribe creep. An alternative approach to improving
field and test correlation is to elucidate individual differences in corrosive mechanisms,

products, and coating degradation processes between lab and field.

Early work establishing atmospheric corrosion rates for bare metals was done through
long-term atmospheric exposures and measurement of corrosion rates over time,
sometimes as long as 30 years.16-19 From this long-term data, corrosivity maps and
corrosivity classification systems for specific metals were constructed.2%.21 These long-term
data have been used to create empirical equations relating corrosion rate for bare metals to
time and ESFs (e.g., atmospheric characteristics).19-23 A sampling of some of the
relationships found in the literature is given in Table 1.3. Much work has also been done in
comparing bare metals in LALT and field environments. As early as 1935 Vernon
established corrosion rates by measuring the weight gain of iron plates in controlled
atmospheres.24 Since then, numerous studies have been conducted that sought to correlate

lab and field environments,3 4 11.22,.25 with the general consensus being that LALTs must be
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tailored to each specific field environment to reduce discrepancy between corrosion

behavior predicted by LALTs and the actual behavior observed in field environments .24

The empirical relationships relating ESFs to corrosion rate for bare steel unfortunately do
not exist for scribe creep of coated steel. This is because the situation for organically coated
systems is complicated by corrosion at the scribe, corrosion under the coating, coating
degradation, anodic wedging and possible cathodic disbondment. All of these factors
contribute to the rate of scribe creep observed. In order to accurately reproduce field
exposures with industry standard LALTS, the same mechanisms of coating degradation,
scribe and underpaint corrosion, and corrosion product identity and morphology must be
present in both lab and field tests. In an ideal field predictive LALT, not only will the
mechanisms of corrosion be the same as those seen in the field, but the relationship
between acceleration factors and damage, such as chloride and scribe creep, will also be
similar. To understand the mechanisms driving underpaint corrosion, the identity of
corrosion products, and factors controlling scribe creep, a baseline comparison of standard
LALTSs to field sites is necessary. The effect of each ESF on the unit processes controlling
scribe creep needs to be assessed by comparing the time dependent underpaint corrosion
processes during standardized LALT and field site exposure. Subsequently, acceleration
factors can be determined and simple rate laws for scribe creep can ultimately be derived.
Ideally, such rate laws would establish a relationship between the extent of corrosive attack

and exposure time based on the combinations of environmental drivers present.
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Previous comparisons of LALT vs. field studies of coated metals have relied heavily on
visual examination of corrosion and coating appearance, such as gloss measurements
(ASTM D523-08),2¢6 a count of the number of blisters of a certain size (ASTM D714-02),27 or
the extent of visible rust (ASTM D610-08).28 However, these approaches (i.e., optical images
of opaque coatings at limited magnification) may not detect all of the important differences
in corrosion mechanisms or products between LALTs and field exposures. For example, one
study compared steel with a range of polyester based coatings exposed to either UV
followed by B-117 or to B-117 alone.® Large differences in blister counts were seen
between the two sets of samples for some of the coatings, but were not accompanied by
changes in coating gloss.8 Gloss measurements from sample to sample were so similar
across the coatings tested that they did not provide any information on the degradation of
the barrier properties of the coatings, let alone underpaint corrosion processes.8
Additionally, many coatings exposed to UV cycles showed no visual differences upon
changes in irradiation time.8 Thus, the limited data that could be obtained through visual
inspection methods as well as methods that focus only on coating evaluation make accurate

comparisons between lab and field exposures difficult.

Corrosion differences between lab and field can be elucidated by taking advantage of a suite
of methods suitable for sensitive evaluation of both coating degradation and steel corrosion.
The benefit of using high-level surveillance test methods (HLS) over visual inspection of
coated systems is the type of information and greater level of detail obtained. This is
demonstrated in the above study of ASTM B-117,8 in which use of EIS and FTIR enabled the
detection of changes in the electrical and molecular properties of the coating that were not

detected with gloss measurements. Detailed HLS analysis of field samples is largely lacking,
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however, in previous work.6 252931 There are several reasons for this: (1) opaque pigments
in the coating make it difficult to determine the corrosion mechanisms and analyze the
corrosion products during underpaint corrosion, (2) non-destructive methods to monitor
underpaint corrosion are limited, and (3) instruments that analyze the coating are often not
useful in analysis of the substrate, requiring a suite of many different techniques to analyze
the entire coated metal system (i.e., degradation of the properties of the coating, underpaint

corrosion, scribe behavior, and corrosion product identities).

In this work, these challenges are overcome by 1) using a clear polymer coating that allows
visual inspection of the substrate, and 2) using many different non-destructive
characterization techniques including EIS, FTIR, XRD, Raman, and 3D microscopy to better
understand the coating/substrate system. These methods maximize our ability to detect
corrosive change and improve our ability to identify differences in the impact of corrosion
drivers between lab and field. These methods also allow us to determine which
environmental severity factors are important to incorporate into existing or future LALTs.
Ultimately, knowledge gained using HLS can then be used to build more accurate LALTSs that
better correlate with field environments and improve comparisons between LALT, FIT and

field tests.

Comparing standard LALTs to field exposures using high-level surveillance techniques is a
first step in building more accurate LALTs. However, the advantages of this methodology
cannot be fully realized without systematic evaluation and quantification of individual
corrosion drivers in the lab or field. Although a few examples of individual corrosion

drivers can be found in the literature,8 22 30.32 gverall, widespread systematic studies have
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not been performed. Often, all drivers that may affect a system are combined in one LALT.
As aresult, LALTSs are typically much more severe than field environments. The
conventional notion has been that good coating performance in severe LALTs will mean
good performance in the comparatively benign field, even if the drivers differ. However, in
actuality, combining all drivers obfuscates the impact of individual corrosion drivers on the
substrate, impairs our understanding of the effects of individual drivers on the degradation

of the coating itself, and masks interactions between the coating and the substrate.

2.3 Objective

The objective of this study is to compare selected standardized LALTSs to field

environments. High-level surveillance techniques are used to closely examine coating
degradation, corrosion rate and corrosion product behaviors between LALT and field
exposures. Finally we demonstrate the need for systematic examination of individual

corrosion drivers in order to understand their effects on scribe creep.

2.4 Experimental Methods

The experimental methods have been discussed at length in Chapter 1. However, a brief

description of the methods will be stated here.

2.4.1 Materials

Organic coated and scribed AISI 1018 steel (UNS# G10180; 0.15% C, 0.7% Mn, Fe; wt. %)

was used as a model coating system. A clear epoxy resin (Poly(Bisphenol A-co-
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epichlorohydrin) glycidyl end-capped (C1sH2203)neC22H2604; Trade name Eponol ) was used.
The chosen epoxy resin is a high molecular weight resin used primarily as a constituent of
paint coatings.33 The coating was applied to be 3045 pm thick and has a high initial
impedance of 21011 ()-cm2 at 0.01 Hz. Samples not in the stated thickness range or below
the initial impedance level were discarded. The choice of this clear resin as a coating for
samples in field tests and LALTSs allows the underpaint corrosion to be imaged with optical
microscopy. It also enables interrogation of the underpaint environment by 3D optical
microscopy and Raman microscopy, both of which penetrate the clear coating to interrogate

the substrate.

2.4.2 Sample Preparation Procedure

In preparation for coating, the surface of each metal sample was ground with 120, 180, 240,
300, and 600 grit silicon carbide paper to remove any surface oxide, even out any
imperfections and create a clean bare surface for the application of the coating. The
samples were then blown with compressed air to remove any large debris from the
grinding. The samples were washed with water and detergent and rinsed with Millipore
water. After washing, the samples were immediately blown dry with compressed dry air.
The epoxy resin was applied to the steel samples by draw down bar to a thickness of 30+5
um. The metal samples were cured for five days in lab air and then cured at 60°C for 24
hours. After curing, the samples were cut to 2.5x2.5 cm dimensions and then scribed by
hand down the middle with a diamond scribe tool. Figure 2.1 illustrates a top down
diagram of the coated and scribed sample, while Figure 2.2 shows the sample and scribe in

cross-section.
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Figure 2.1 Schematic of coated and scribed 1018 steel sample.
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Thickness = 305 pm
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Figure 2.2 Schematic of Eponol coated and scribed 1018 steel sample. The substrate is
roughly 1 mm thick and the Eponol topcoat is 30+5 pm. The scribe line is 150+50 pm in
width.

Epoxy resin films were also cast on inert polypropylene substrates. These substrates were

exposed along with the bare and coated metal samples and were interrogated with FTIR

after exposure.

2.4.3 High Level Surveillance Testing Methods
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2.4.3.1 2D and 3D Digital Optical Microscopy

The bare and coated 1018 steel samples were imaged with a Hirox KH-7700 digital
microscope. The samples were first imaged with a macro lens to get one image of the entire
sample surface. The coated samples then had a 2D tiled image taken at 50x that extends the
length of the scratch using the MXG-4050RZ lens. Higher resolution images (400x+) are
taken at various interesting spots on the samples. The clear coating allows for visual
imaging of the metal surface under the coating. The image analysis software Image] 1.44p
released by the National Institutes of Health was employed to make quantitative
measurements of scribe creep from 2D images of the scribe and surrounding scribe creep.
Scribe creep lengths were measured from the scribe line perpendicularly to the edge of the
scribe creep front. The measurements were done at 10 random locations along the scribe in
both directions for a total of 20 measurements. These data were then used to determine an

average scribe creep length.

The coated samples then have 3D tiled images taken at 350x that start at the scratch and
run perpendicular out from the scratch using the MXG-10C lens with the OL 350 Il lens
attachment. Continuous 3D optical tiling was used to generate images that were 600 by
3000 pm in the x-y plane with full penetration of the clear epoxy resin coating. 3D images
were used to generate line profiles of the corrosion product morphology across the scribe.
These 3d tiled images are taken at the same place every time to monitor the progress of the
corrosion from the scratch. The 3D images were processed using Mitiani Corporation

3DMeasurement software and with Mountains Map® Analysis Software 6.2 by Digital Surf.
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2.4.3.2 Digital Image Analysis

The image analysis software Image] 1.44p released by the National Institutes of Health was
employed to make quantitative measurements of scribe creep from 2D images of the scribe
and surrounding scribe creep. Scribe creep lengths were measured from the scribe line
perpendicularly to the edge of the scribe creep front underneath the clear coating. The
measurements were done at 10 random locations along the scribe in both directions for a
total of 20 measurements. These data were then used to determine an average scribe creep

length.

2.4.3.3 X-Ray Diffraction (XRD)

X-Ray Diffraction (XRD) was performed using a PANalytical X'pert Pro MPD powder
diffractometer with a Cu-Ka source. All samples were scanned continuously from 10 to 120
degrees at a rate of 1 degree per minute. The data were analyzed using Highscore Plus 3.0c
analysis software by PANalytical. Pure powders of individual iron oxides and hydroxides
were characterized with XRD for comparison to XRD spectra of exposed samples. Standard
powder samples were examined as received while exposed steel samples were examined

with the oxide intact on the sample.

2.4.3.4 Raman Microscopy

Raman microscopy is a surface sensitive spectroscopy method that detects the molecular
identity of corrosion products. Itis used to determine the species that form on the surface

of the samples that are either amorphous or in limited quantities that are undetectable by
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XRD.3* Raman microscopy was conducted using a Renishaw InVia Raman Microscope with
a 200 mW, 785 nm laser with a fixed diffraction grating over a range of 200 to 1400 cmL.
The laser power was 0.1% with a spot size of 50 square micrometers. Raman was
performed on standard powders for comparison to experimental results. For exposed
samples, Raman spectra were taken from varied locations over the surface of the sample,
with care taken to perform scans on all different types of colors and morphologies seen.
The data were processed using KnowItAll® Informatics System 2013 software by Bio-Rad

Laboratories Inc.

2.4.3.5 Fourier Transform Infrared Spectroscopy (FTIR)

Fourier Transform Infrared Microscopy detects molecular bonds and was used to monitor
degradation of the coating over time. Eponol films cast on inert polypropylene substrates
were exposed, and, after exposure, the films were removed and analyzed. The
polypropylene substrate on which the Epoxy resin coating was cast was inert, and thus has
no effect on the degradation of the coating. This isolated the effects of the environment
from the effects of underpaint corrosion on degradation of the coating. Degradation of the
coating was observed by comparing the results of an unexposed coating to exposed

coatings.

Films were exposed in all standard and non-standard LALT environments as well as at KSC
and BRD. FTIR analysis was run on Eponol films that had been cast on inert polypropylene
substrates and then exposed. For samples analyzed at UVa, the films were removed from

the substrate after exposure and placed into a ScienceTech benchtop FTIR spectrometer
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and analyzed. For samples analyzed at USM, coatings were left on the substrate and spectra
were taken from three different locations on the Eponol film by securing them to the Smart
iTR attachment. The spectra were obtained using a Nicolet 6700 FTIR from Thermo
Scientific running Omnic software, in 4000-650 cm-range. The spectrophotometer was
operated in transmission mode. The spectra were recorded at a resolution of 2 cm-! and 32

scans were run per location.

2.4.3.6 Electrochemical Impedance Spectroscopy

Electrochemical Impedance Spectroscopy was used to measure the change in the electrical
properties of the coating over time. EIS was performed at locations near to and far from the
scribe. This was done to more accurately determine the rate at which the scribe creep front
moved away from the scribe and to determine the effects of the scribe and ESFs on the

electrical characteristics of the coating.

The testing was done on a Princeton Applied Research Versastat 4 using the VersaStudio
software. A five minute OCP test was run before EIS. A typical EIS scan was acquired in sine
mode from 100 kHz to 0.01 Hz with 6 points per decade. Coated panels were scanned with
an AC amplitude of 60 mV. The tests were run in a flat cell containing 50 mM sodium sulfate
solution with ambient aeration at 25°C. The area of the sample tested was a circle with an
area of 1cm2. The reference electrode used was a saturated calomel reference electrode
was used as the reference electrode. Samples were used as the working electrode, and a
platinum mesh was used as the counter electrode. The EIS data were processed using Z-

View 3.3d analysis software by Scribner Associates Inc.

80



2.4.3.7 Mass Loss Test Procedure

Mass loss samples were all weighed before exposure on a Denver Instrument Company M-
220D scale with a resolution of 0.01mg. The back samples were covered in electroplating
tape, and then the edges were coated with stop-off lacquer before exposure. After exposure,
the tape and lacquer were removed and the samples placed in a hydrochloric acid solution
until all visible corrosion products had been removed according to the ASTM G 1-03.35 The
samples were then removed, rinsed, dried and weighed. Mass loss samples were not

returned to the exposure chambers after testing.

2.4.4 Sample Exposure Conditions

2.4.4.1 LALT Exposure Conditions

The suite of LALT exposure chambers included a QUV™ cyclic condensation (CC/UV)
chamber and a salt fog chamber. The salt fog chamber was modified to include UV lights
(A=340 nm).12 The QUV™ allows the use of elevated temperatures, humidity and
condensation cycling, as well as UV exposure in LALTs. These chambers can be used to
perform standard LALTSs like ASTM B-117 and ASTM D-5894, and also allow for modified
versions of standard LALTs. Coated and bare steel samples were exposed in ASTM B-117,14
ASTM G-85 Annex 3,36 ASTM G-85 Annex 5,36 ASTM D-458737 and ASTM D-589438
standardized tests. (The UV irradiation in the ASTM D-4587 and ASTM D-5894 were found
to be far too harsh on the coating substrate system. No data from the ASTM D-4587 will be

presented. Limited data from the ASTM D-5894 will be shown as an example of the damage
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seen.) Samples were also exposed in one non-standard test, a modified ASTM G-85 Annex 5
that included UV light. For this non-standard LALT, all exposure conditions were identical
to the ASTM G-85 Annex 5 except for the addition of UV light (wavelength of 340 nm at 0.5
W/m2) for 12 hours per day. The exposure conditions can be found in Table 2.1. Coated and
bare steel samples were removed from the exposure chambers and tested with the suite of
characterization techniques at 0, 1, 3, 5, 10, and 15 days. After testing, the samples were
immediately returned to the exposure chambers. After 15 days or exposure were

completed, the samples were stored in a desiccator.
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Table 2.1 List of all LALTs used in this study.

Standard LALT

Conditions and Notes

Cl-

uv

Cycling

ASTM B-117

Standard practice for operating salt spray (fog) apparatus.
5% NaCl solution, continuous spray.'* ASTM B-117 SW used
ASTM synthetic sea water solution in place of the 5% NaCl
solution. ToW 75-100%

ASTM G-85 A3

Seawater acidified test, cyclic. Solution is 42 g of synthetic
sea salt and 10 mL glacial acetic acid per liter of solution.
2.8<pH<3.0. Test cycle is 0.5 hours spray of this solution
followed by 1.5 hours soak at or above 98% RH.36

ASTM G-85 A5

Dilute electrolyte cyclic fog dry test. Test consists of two step
cycles of 1 hour spray at room temperature and 1 hour dry
off at 35°C. Solution of 0.05% sodium chloride and 0.35%
ammonium sulfate.36

ASTM D-4587

Standard practice for fluorescent UV-condensation
exposures of paint and related coatings. 4 hours of UV (340
nm) at 0.89 W/m? at 60°C followed by 4 hours of
condensation (dark) at 50°C.37 Condensation comes from the
heating of water in a tray below the samples.

ASTM D-5894

Standard practice for cyclic salt fog/UV exposure of painted
metal (alternating exposures in a fog/dry cabinet and a
UV/condensation cabinet). A combination of ASTM G-85
Annex 5 and ASTM D-4587 Cycle 2. One week of ASTM D-
4587 (4 hours of UV (340 nm) at 0.89 W/m? at 60°C
followed by 4 hours of condensation (dark) at 50°C.)
followed by one week of ASTM G-85 Annex 5.38

Modified ASTM
G-85 Annex 5

Dilute electrolyte cyclic fog dry test. Test consists of two step
cycles of 1 hour spray at room temperature and 1 hour dry
off at 35°C. Solution of 0.05% sodium chloride and 0.35%
ammonium sulfate.36 Addition of UV light (340 nm, 0.5
W/m?2) for 12 hours per day.

2.4.4.2 Field Exposure Conditions

Coated and bare 1018 steel samples were prepared and deployed at two sites, Kennedy

Space Center in Titusville, Florida, and Charlottesville, Virginia. Kennedy Space Center

(KSC) is a severe marine site with exposure racks 100 feet from the high tide line. The

Charlottesville (BRD) site is a suburban/rural site on land near a local golf course. Samples
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were returned from the sites every two weeks for three months for both sites. A full list of

exposure locations and ESF data can be found in Table 2.2.

Table 2.2 Environmental severity factors for field sites.

M Cl-
Mean O3 Mean ear? .
, . Mean Temp | Mean RH i deposition
Site Location Concentration uv
¢ ) (ppb) | (W/m) | e
(mg/m?/day)
Charlottesville,
ariorresviie 15.6 64.6 47 . 1.08
VA
Kennedy
Space Center, 23.6 77.2 75.3* 0.6 640
FL
Note: “-“indicates that the data is not available. “*” indicates that the data were taken from nearby NOAA site.

2.4.4.3 Full Immersion Test Conditions

Coated and bare 1018 steel samples were also exposed in Full Immersion Tests (FIT). The
samples were secured to an electrochemical flatcell and immersed in a 0.05 M solution of
sodium sulfate with ambient aeration. The samples were held potentiostatically for 15 days
and were removed and characterized at 0, 1, 3, 5, 10, and 15 days. FITs were performed at
potentiostatic holds of -1 V vs. saturated calomel electrode (SCE) and at open circuit
potential (OCP) in 0.3 wt% NaCl (0.05 M NaCl). Additionally, FIT at OCP was also run with

5% NaCl solution (0.91 M), equivalent to the solution used in ASTM B-117.14
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2.5 Results

2.5.1 Mass Loss of Uncoated Steel

Mass loss versus time is reported in Figure 2.3. In all cases, mass loss increases with time,
but the rate of increase slows over the time of exposure. In the case of LALTs, the rate
appears to slow by 10 days. In the case of KSC, the rate begins to plateau at 6 weeks. In the
case of field exposures, the marine atmospheric site at KSC indicates a higher mass loss than
the rural environment at BRD. Concerning LALTs, ASTM G-85 Annex 3 has the greatest
mass loss over time, followed by ASTM G-85 Annex 5 with and without UV and ASTM B-117.
In the case of the FITs, the OCP in 0.3 wt% NaCl exposure has a greater mass loss than the -1
V vs. SCE potentiostatic polarization in 0.3 wt% NaCl. OCP in 5 wt% NaCl experienced

greater mass loss than either of the FITs in 0.3 wt% NacCl.
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Graph of Mass Loss for Bare 1018 Steel in Various Environments
Time (weeks)
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Figure 2.3 Graph of mass loss versus exposure time for bare 1018 steel in various
environments. Error bars represent standard error for environments with multiple
exposures.

ASTM B-117 through 15 days appears to be most similar to KSC through 16 weeks, followed
by ASTM G-85 Annex 5. There is virtually no difference between ASTM G-85 Annex 5 with

UV and without UV in terms of mass loss of bare steel.

2.5.2 Corrosion Product Analysis

2.5.2.1 X-Ray Diffraction

XRD was used to determine the identity of corrosion products that formed on bare samples.
The assumption is that this is also representative of corrosion products at the scribe. Figure
2.4 shows the spectra for all field, LALTs and standard powders. FIT at-1 Vis not included

because XRD did not detect anything besides the steel substrate. The spectra show that the
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corrosion products most seen in KSC are iron oxide hydroxide FeOOH in o and y phases.
The same products are found in the ASTM G-85 Annex 5 with and without UV. In contrast,
the corrosion product found on samples exposed in ASTM B-117 is iron(I], III) oxide
(Fez04). The FIT at OCP produces iron(Il, III) oxide (Fe304) and appears to be similar to
ASTM B-117 (OCP at 0.3 wt% and 5% NaCl produced identical spectra, so one
representative exposure is shown). ASTM G-85 Annex 5 with and without UV appear to
correlate more closely with KSC then did ASTM B-117. Samples exposed at BRD showed
one large iron peak with many peaks corresponding to y-FeOOH. The results are

summarized in Table 2.4; the species detected with XRD are marked with an X.
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XRD spectra for all standard LALTsS, field sites and standard powders for iron based

corrosion products. No results are shown for FIT at -1 V because only iron peaks were

detected.

Because of the difficulty in identifying every species from the XRD spectra, XRD was also

performed on 50/50 mixtures of standard corrosion product powders to better understand

the effects

that certain corrosion products may have on each other (Figure 2.5 and 2.6).

When iron (II) oxide and iron (III) oxide are mixed, all of the individual peaks are still

visible (Figure 2.6). However, when iron (III) hydroxide a-phase is mixed with iron (III)

hydroxide

y-phase certain peaks disappear (Figure 2.5). This may explain the spectrum

seen for samples exposed at KSC.
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Figure 2.5 XRD spectra of standard powders individually (iron III hydroxide o and y phase)
compared to a 50/50 by weight mix of the two powders. Iron IIl hydroxide y phase peaks at 9,
28 and 47 degrees appear to be greatly reduced in intensity in the mix relative to the pure
powder.
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Figure 2.6 XRD spectra of standard powders individually (iron (II) oxide and iron (III) oxide)
compared to a 50/50 by volume mix of the two powders.
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2.5.2.2 Raman Spectroscopy

Figure 2.7 shows the Raman spectra for the standard powders. Figure 2.8 shows the
spectra for KSC where (3 and y phase FeOOH were detected. For BRD only y-FeOOH was
detected (Figure 2.9). Figure 2.10 shows the Raman spectra for samples expose in ASTM B-
117 where FeOOH « and y phases were detected. Raman spectra for samples exposed in
ASTM G-85 Annex 5 with and without UV are shown in Figure 2.11 and Figure 2.12,
respectively. FeOOH a and y phases were detected on samples exposed to both of these
tests. Figure 2.13 shows that FeOOH y phase and iron (ILIII) oxide were detected with
Raman on samples exposed to FIT at OCP (the spectra are representative of both 0.3 wt%
and 5% NaCl exposures). In the case of KSC, FeEOOH y was detected with both XRD and
Raman while FeOOH « phase was detected only with XRD and FeOOH {3 phase was detected
only with Raman. For ASTM B-117, iron(ILIII) oxide was detected only with XRD while
FeOOH a and 3 phases were detected only with XRD. « and y phases of FeOOH were
detected both with XRD and Raman for ASTM G-85 Annex 5 with and without UV. For FIT at
OCP FeOOH y phase was detected with Raman and iron (ILIII) oxide was detected with both
Raman and XRD. The results are summarized in Table 2.4; the species detected with Raman

are marked with an R.

Experimental results were also compared with published data; the wavenumbers of the

peaks of each species are given in Table 2.3. The results of this study are compared with an

in-depth study conducted by Oh et al.,3° and with published results from other sources.0-44
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The results are summarized in Table 2.4; the species detected with Raman are marked with

an R.
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Figure 2.7 Experimental Raman spectra for standard powders.
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Figure 2.8 Raman spectra for bare 1018 steel exposed at KSC for 6 weeks. “exp” indicates
experimental spectra, “std” indicates standard powder spectra, “lit” indicates spectra from
literature.
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Figure 2.9 Raman spectra for bare 1018 steel exposed at BRD for 9 months. “exp” indicates
experimental spectra, “std” indicates standard powder spectra.
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Figure 2.10 Raman spectra for bare 1018 steel exposed in ASTM B-117 for 15 days. “exp”
indicates experimental spectra, “std” indicates standard powder spectra.
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Figure 2.11 Raman spectra for bare 1018 steel samples exposed in ASTM G-85 Annex 5 for 15
days. “exp” indicates experimental spectra, “std” indicates standard powder spectra.
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Figure 2.12 Raman spectrum for bare 1018 steel exposed in ASTM G-85 Annex 5+UV for 15
days. “exp” indicates experimental spectra, “std” indicates standard powder spectra.
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Figure 2.13 Raman Spectra for bare 1018 steel exposed in FIT at OCP for 15 days. “exp”
indicates experimental spectra, “std” indicates standard powder spectra.
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Table 2.3 Table of Raman peaks of iron corrosion products.

Oxide | Wavenumbers | Wavenumbers | Wavenumbers | Wavenumbers
(Cm'l)* (cm‘l)** (cm'l)*** (cm'l)Jr
o- 205, 247, 300, 245, 300, 390, 256, 299, 386, 246,251, 299,
FeOOH 386,418, 481, 420,480, 550, 480, 549 386, 475, 480,
549 685 527,547,555
B- 314, 380, 549, 310, 386, 497, N/A 311, 388, 486,
FeOOH 722 538,723 537,607,721
Y- 219, 252, 311, 255, 380, 528, 250, 300, 379, 218, 251, 301,
FeOOH 349, 379, 528, 654, 1054, 1307 529, 647 310, 379, 528,
648 651
o- 226, 245, 292, 227,245, 293, 226, 245, 293, N/A
Fez03 411, 497, 612 298, 414, 501, 410, 497, 612
612
Fe304 532,667 616, 663 306, 664 N/A

*From Townsend et al. 40 ** From other literature sources.1-4¢ ***Experimental results
from standard powders. TExperimental results for exposed samples.
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Table 2.4 Table of corrosion products found with XRD and Raman. X indicates that the

species was found with XRD, and R indicates that it was found with Raman.

Iron (III) Iron (l11)
oxide-  pron (1) Oxide-
E Iron (I1,111) Iron (11) Hydroxide |70~ Hydroxide
xposure oxide Fe O, | oxide Fe,O, | Alpha Bgt;olg(rllaie Gamma
Phase B-FeOOH phase
a-FeOOH y-FeOOH

KSC - - X R X,R

BRD - - ; ; X
B-117 X - R - R
G-85A3 - - ; _ X
G-85A5 ; ; X,R ; X,R
SBOAS - - X,R - X,R
OCP X,R - - - R

2.5.3 Scribe Creep Behavior

Figure 2.14 shows the progression of scribe creep over time for KSC. Scribe creep
progresses irregularly from the scribe with some semi-circular fingers of corrosion damage
or filiform-like filaments at the leading edges for weeks 2 and 4. There is also discoloration
due to underpaint corrosion ahead of the heavily corroded region. Small spots of corrosion
can be seen away from the scribe creep front at 2 and 4 weeks. By week 6 the KSC sample is
so corroded that it becomes impossible to differentiate between scribe creep and

underpaint corrosion initiated at random defects far away from the scratch.
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Figure 2.14 Optical images of the progression of scribe creep for Eponol coated steel exposed
at KSC as a function of exposure time. Scale bars show 3000 pm.

Figure 2.15 shows scribe creep progression for BRD. Scribe creep occurs slowly, and even
by week 6, there are still some parts of the scribe where scribe creep has not begun. There
are many spots were corrosion has initiated that appear near to and far from the scribe.
The scribe creep front appears to advance slowly until it comes to one of the small damage
spots where the spot is incorporated into the scribe creep front. The creep front then

advances slowly until it comes to a damage spot. This results in a very irregular scribe

creep length along the scribe.
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Figure 2.15 Optical images of the progression of scribe creep for Eponol coated steel exposed
at BRD as a function of exposure time. Scale bars show 3000 pm.

In ASTM B-117, there is very little corrosion at the scribe at day 1, but there is some
discoloration that extends about 3000 micrometers away from the scribe (Figure 2.16).
This discolored area is then filled with corrosion product by day 3 and corrosion can be
seen at positions away from the scribe. Figure 2.16 shows that corrosion proceeds quickly
between day 1 and day 3. However, by day 10 the sample is too corroded to make any

meaningful scribe creep measurements.
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Figure 2.16 Optical images of the progression of scribe creep for Eponol coated steel exposed
in ASTM B-117 as a function of exposure time. Scale bars show 3000 pm.

In ASTM G-85 Annex 5 scribe creep appears to progress at a steady rate with many filiform-
like filaments extending from the scribe (Figure 2.17). Little to no corrosion appears to
begin at locations away from the scribe, such as defect sites. ASTM G-85 Annex 5 has a
faster progression of scribe creep compared with ASTM G-85 Annex 5 with UV (Figure

2.18).
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Figure 2.17 Optical images of the progression of scribe creep for Eponol coated steel exposed
in ASTM G-85 Annex 5 as a function of exposure time. Scale bars show 3000 pm.
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Figure 2.18 Optical images of the progression of scribe creep for Eponol coated steel exposed
in ASTM G-85 Annex 5+UV as a function of exposure time. Scale bars show 3000 pm.

ASTM G-85 Annex 3 showed distinctly different behavior. Figure 2.19 shows discoloring
around the scribe and at spots away from the scribe by day 1. By day 3, corrosion has
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progressed significantly from the scribe until by day 5 it became difficult to distinguish
scribe creep from corrosion initiated at defects away from the scribe. By day 10 the entire

surface of the sample had corroded.

Day0 Day 1 Day3 Day5 Day 10 Day 15

Figure 2.19 Optical images of the progression of scribe creep for Eponol coated steel exposed
in ASTM G-85 Annex 3 as a function of exposure time. Scale bars show 3000 pm.

Images of the FITs are given for -1 V (Figure 2.20), OCP in 0.3 wt% NaCl (Figure 2.21) and
OCP in 5% NaCl (Figure 2.22). It can be seen from Figure 2.20 that there is little scribe
creep occurring over the duration of the test. There is discoloration in the scribe itself after
one day and the discoloration progresses away from the scribe slightly over 15 days. Figure
2.21 shows corrosion building up in the scribe and moving out away from the scribe over
time. By day 15 scribe creep can be seen to have progressed away from the scribe in all
directions. OCP in 5% NaCl behaves in a similar manner as OCP in 0.3 wt% NaCl but
progresses at an increased rate (Figure 2.22). The coating around the scribe appears to

behave similarly to ASTM B-117 although the damage occurs more quickly and is much
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more extensive in the ASTM B-117. Scribe creep progresses most quickly for OCP in 5%

NacCl, then OCP in 0.3 wt% NaCl. However it is much slower for -1 Vin 0.3 wt% NacCl.

Day 3 Day 5 Day 10

Figure 2.20 Optical images of the progression of scribe creep for Eponol coated steel exposed
in full immersion test in 0.3 wt% NacCl solution held at -1 V vs. SCE as a function of exposure
time. Scale bars show 3000 pm.
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Figure 2.21 Optical images of the progression of scribe creep for Eponol coated steel exposed
in full immersion test in 0.3 wt% NaCl solution held at OCP as a function of exposure time.
Scale bars show 3000 pm.

Day 0 Day 1

Figure 2.22 Optical images of the progression of scribe creep for Eponol coated steel exposed
in full immersion test in 5% NaCl solution held at OCP as a function of exposure time. Scale
bars show 3000 pm.
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Images for the ASTM D-5894 are given in Figure 2.23. At 0.5 cycles (7 days in cyclic
condensation and UV) there does not appear to be much corrosion at the scribe itself.
However, there are many small dark spots all over the coated area of the sample that are
indicative of damage to the coating. The spots are somewhat similar to the spots seen at

BRD (Figure 2.15).

Day O 0.5 cycles 1 cycle
(7 days) (14 days)

Figure 2.23 Optical images of the progression of scribe creep for Eponol coated steel exposed
in ASTM D-5894 as a function of exposure time. Scale bars show 3000 pm.

The visual images of the scribe also allowed for scribe creep rate to be quantified and
compared across exposures. Figure 2.24 shows the average scribe creep lengths for various
exposure times summarized in one plot. The trends for scribe creep length are similar to
trends for mass loss in that length increased more slowly over time. Moreover, the lengths
observed at KSC at 6 weeks are similar to those in LALT after 15 days. Finally, lengths in full

immersion are less than LALT or field.
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Figure 2.24 Plot of average scribe creep length vs. time for coated 1018 steel exposed to
various LALT, field and full immersion environments. Error bars show standard error.

Higher level visual inspection was also done by taking 3D optical images of the scribe at
specific locations, extracting the profile data and observing the change over time. Figure
2.26 shows line profiles of the scribe over time for KSC. It can be seen from visual
inspection that corrosion product fills in the scribe and then begins to grow both upward
and outward from the scribe; the outward growth wedging underneath the coating.
Samples exposed at BRD show some corrosion at the scribe and at spots near to and far
from the scribe (Figure 2.27 and 2.28). The 3D images for ASTM B-117 are shown in Figure
2.29 and the line profiles in Figure 2.30. In contrast to KSC, corrosion products grow and

build at the edges of the scribe but never fully fill the scribe. For ASTM G-85 Annex 5,
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Figure 2.31 shows the 3D images and Figure 2.32 shows the line profiles for ASTM G-85
Annex 5. Over time, the corrosion product grows to fill the scribe and pushes outward
under the coating in a manner similar to KSC. Therefore, ASTM G-85 Annex 5 appears to
correlate better with KSC than ASTM B-117. Figure 2.33 shows the 3D images for ASTM G-
85 Annex 5+UV and Figure 2.34 shows the line profiles. It can be seen that the corrosion
product filled the scribe and grows outward similar to ASTM G-85 Annex 5 without UV.
Figure 2.37 shows the 3D images for FIT at-1 V vs. SCE and Figure 2.38 shows the line
profiles. It can be seen that little if any corrosion product buildup occurs in the scribe.
Figure 2.39 shows the 3D images and Figure 2.40 shows profiles for FIT OCP in 50mM NaCl.
It can be seen that corrosion product builds up in the scribe but doesn’t quite fill the scribe
completely. Corrosion product also spreads out away from the scribe underneath the
coating. The 3D images (Figure 2.41) and line profiles (Figure 2.42) for OCP in 5% NaCl
show that corrosion extends away from the scribe quickly and builds up at the edge of the

scribe but never fills in the scribe itself.

106



Week 2

1
-~
i e [ |
' -« f“---.--:.

e e e

)
1
'
1
)
'
'
1

o8 588

P
2

A e

.~§-~-L_<

8
'l

ouss888

Figure 2.25 3D images of the scribe on epoxy resin coated 1018 steel exposed at KSC for 8
weeks. The units of the images are micrometers. Dashed lines show the location of the scribe.
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Line Profiles for Coated 1018 Steel Exposed at KSC
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Figure 2.26 Selected line profiles for Eponol coated steel exposed at KSC. Vertical offset for
data from each day reported is 50 pm. Dashed lines indicate original scribe location.
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Figure 2.27 3D images of the scribe on epoxy resin coated 1018 steel exposed at BRD for 8
weeks. The units of the images are micrometers. Dashed lines show the location of the scribe.
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Figure 2.28 Selected line profiles for Eponol coated steel exposed at BRD. Vertical offset for
data from each day reported is 30 pum. Dashed lines indicate original scribe location.
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Figure 2.29 3D images of the scribe on epoxy resin coated 1018 steel exposed to ASTM B-117
for 15 days. The units of the images are micrometers. Dashed lines show the location of the
scribe.

111



Line Profiles for coated 1018 steel exposed in ASTM B-117
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Figure 2.30 Selected line profiles for Eponol coated steel exposed in ASTM B-117. Vertical
offset for data from each day reported is 40 pm. Dashed lines indicate original scribe location.
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Figure 2.31 3D images of the scribe on epoxy resin coated 1018 steel exposed to ASTM G-85
Annex 5 for 15 days. The units of the images are micrometers. Dashed lines show the location
of the scribe.
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Line Profiles for ASTM G-85 Annex 5
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Figure 2.32 Selected line profiles for Eponol coated steel exposed in ASTM G-85 Annex 5.
Vertical offset for data from each day reported is 20 pum. Dashed lines indicate original scribe
location.
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Figure 2.33 3D images of the scribe on epoxy resin coated 1018 steel exposed to ASTM G-85
Annex 5+UV for 15 days. The units of the images are micrometers. Dashed lines show the
location of the scribe.
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Figure 2.34 Selected line profiles for Eponol coated steel exposed in ASTM G-85 Annex 5+UV.
Vertical offset for data from each day reported is 20 pm. Dashed lines indicate original scribe
location.
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Day 1

Day 15

Figure 2.35 3D images of the scribe on epoxy resin coated 1018 steel exposed to ASTM G-85
Annex 3 for 15 days. The units of the images are micrometers. Dashed lines show the location
of the scribe.
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Figure 2.36 Selected line profiles for Eponol coated steel exposed in ASTM G-85 Annex 3.
Vertical offset for data from each day reported is 60 pm. Dashed lines indicate original scribe
location.
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Figure 2.37 3D images of the scribe on epoxy resin coated 1018 steel exposed in full
immersion in aerated 0.3 wt% NaCl solution at 25°C held at -1 V vs. SCE as a function of

exposure time. The units of the images are micrometers. Dashed lines show the location of the
scribe.
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Figure 2.38 Selected line profiles for Eponol coated steel exposed in full immersion test in 0.3
wt% NaCl solution held at -1 V vs. SCE. Vertical offset for data from each day reported is 10
pm. Dashed lines indicate original scribe location.
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Figure 2.39 3D images of the scribe on epoxy resin coated 1018 steel exposed in full
immersion in aerated 0.3 wt% NaCl solution at 25°C held at OCP as a function of exposure
time. The units of the images are micrometers. Dashed lines show the location of the scribe.
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Line Profiles for Coated 1018 Steel Exposed in Full Immersion at OCP

600

500 —

400 —

300

200

Relative Height (um)

100 — '
'
|
'
'
'
|

Day 15

Day 10

T R T T
o] 200 4po i 600 800
Distance (um)

1
1000

Figure 2.40 Selected line profiles for Eponol coated steel exposed in full immersion test in 0.3
wt% NaCl solution held at OCP. Vertical offset for data from each day reported is 100 pm.

Dashed lines indicate original scribe location.
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Figure 2.41 3D images of the scribe on epoxy resin coated 1018 steel exposed in full
immersion in aerated 5% NaCl solution at 25°C held at OCP as a function of exposure time.
The units of the images are micrometers. Dashed lines show the location of the scribe.
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Figure 2.42 Selected line profiles for Eponol coated steel exposed in full immersion testin 5%
NaCl solution held at OCP. Vertical offset for data from each day reported is 100 pum. Dashed
lines indicate original scribe location.

Mass loss results across exposures were also compared to scribe creep results to determine
if any correlation between the two exists. It was found that there is a strong positive
correlation between mass loss values and scribe creep length values as discussed in Section
2.6.2 (r2=0.9012; see Figure 2.56 and 2.57). This suggests that scribe creep susceptibility of
an epoxy resin coated steel without surface treatments could be estimated from readily

available mass loss data. This issue is addressed further in the discussion section.
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2.5.4 Coating Analysis

2.5.4.1 Electrochemical Impedance Spectroscopy

It is well known that EIS can be used to characterize the sum of the Ohmic (solution)
resistance(Rs), the coating resistance (Rcoat), and the polarization resistance (R;,) for typical
organic coated specimens.4’-50 The complex impedance (|Z]) is taken at 0.01 Hz for a typical
coating with an interrogation area of 1 cm2. Therefore Zo o1 can be used to monitor the
coating resistance during exposure and provides a measure of Reoat + Rp + Rs. The EIS data is
shown from Figure 2.43 to 2.51 in the Bode magnitude format. Normalized EIS data for all
exposures can be seen in Figure 2.52 and 2.53. The EIS data indicate that the electrical
properties of the coating on samples exposed at KSC decreased with time of exposure more
quickly near the scribe but also decreased substantially far from the scribe. (Figure 2.52
and 2.53). For BRD, coating properties degrade slowly far from the scribe and only slightly
faster near to the scribe (Figure 2.52 and 2.53). Coating properties for ASTM G-85 Annex 3
corrode quickly both near to and far from the scribe (Figure 2.52 and 2.53). Coating
properties for the ASTM B-117 degrade quickly both near and far from the scribe (Figure
2.52 and 2.53). Coating properties in the ASTM G-85 Annex 5 also degrade quickly near to
the scribe similar to KSC, but unlike KSC and ASTM B-117, barely change at all far from the
scribe (Figure 2.52 and 2.53). This may be an effect of the 0.05% concentration of NaCl in
ASTM G-85 Annex 5 vs. 5% in ASTM B-117. However, coating properties in the ASTM G-85
Annex 5+UV also degrade quickly near the scribe, and degrade far from the scribe after day
5 of the test (Figure 2.52 and 2.53), similar to KSC. Changes in EIS data that occur over six

weeks at KSC occur in 15 days in ASTM G-85 Annex 5+UV.
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FIT -1 V vs. SCE samples (Figure 2.52 and 2.53) showed little change in the electrical
properties of the coating over time, both near to and far from the scribe. FIT OCP samples
in 0.3 wt% NaCl (Figure 2.52 and 2.53) showed some degradation of the coating properties
over time, but the degradation is not as severe as the coating degradation seen for KSC,
ASTM B-117 and ASTM G-85 Annex 5+UV both near to and far from the scribe. FIT OCP
samples in 5% NaCl degraded quickly near to the scribe. FIT OCP in 5% NaCl (Figure 2.52
and 2.53) showed fairly rapid decrease in electrical properties near to the scribe while far

from the scribe the properties remained high until day 15.
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Figure 2.43 Raw EIS data from samples exposed at KSC. Data were taken from the near
location (left) and far location (right).
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Figure 2.44 Raw EIS data for samples exposed at BRD. Data were taken from the near

location (left) and far location (right).
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Figure 2.46 Raw EIS data from exposed in ASTM G-85 Annex 5. Data were taken from the near
location (left) and far location (right).
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Figure 2.47 Raw EIS data from samples exposed in ASTM G-85 Annex 5+UV. Data were taken
from the near location (left) and far location (right).
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Figure 2.48 Raw EIS data from samples exposed in ASTM G-85 Annex 3. Data were taken from
the near location (left) and far location (right).
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Figure 2.49 Raw EIS data from samples exposed in full immersion at OCP in aerated 0.3 wt%
NaCl solution at 25°C. Data were taken from the near location (left) and far location (right).
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Figure 2.50 Raw EIS data from samples exposed in full immersion at OCP in aerated 5% NaCl
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Figure 2.53 Normalized low frequency impedance values over time for Eponol coated steel
samples exposed in various standard LALTs. EIS readings taken at far location. Normalization
was |Zo.o1|(day)/|Zo.o1|(initial) for all days of the test.

2.5.4.2 Fourier Transform Infrared Spectroscopy

FTIR was performed on 30 um thick Eponol coatings on polypropylene substrates exposed
to ASTM B-117, ASTM G-85 Annex 3 (Figure 2.54) and KSC (Figure 2.55). The
polypropylene substrate on which the Eponol coating is cast is inert, and thus has no effect
on the degradation of the coating. This isolates the effects of the environment from the
effects of underpaint corrosion on degradation of the coating. Degradation of the coating
was observed by comparing the results of an unexposed coating to exposed coatings. The
results, shown in Figure 2.54, show that there is no degradation of the epoxy resin coating

after 15 days of exposure in ASTM B-117 or ASTM G-85 Annex 5. In contrast, Figure 2.55
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shows ASTM B-117 as well as ASTM G-85 Annex 5 with and without UV, and two samples
exposed at KSC for 2 and 5 months; degradation of the coating of the KSC and ASTM G-85
Annex 5+UV samples can be seen. The decrease in intensity of the 2963 and 2920 cm-!
peaks show degradation of CH, CH, and CHz bonds in the coating.51-55 The appearance and
increase of a peak at 1717 cm-! is caused by the formation of carbonyls and aldehydes which
are products of degradation of the aliphatic carbon bonds in the coating.51-55 The
broadening of the peak at 3362 cm! and the appearance of a shoulder at 1609 cm! indicate

an increase in OH bonds due to an increase in water molecules in the coating.51-55
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Figure 2.54 FTIR spectra of Eponol films exposed in ASTM B-117 and G-85 A5 for 15 days.
Data taken at UVa.
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Figure 2.55 FTIR spectra of Eponol films exposed in various conditions. Data taken at
USM.

2.6 Discussion

2.6.1 Environmental Severity Factors
2.6.1.1 Chloride Ions

It has been well established that chloride is a promoter of corrosion of steel, and that

increasing levels of chloride generally increase the rate of corrosion.21-23,56-59 With respect
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to polymer coatings, however, there is little literature on the effects of chloride ions and
degradation of the polymer. One previous study showed that sodium ions (from NaCl)
degrade polybutadiene coatings by either ion exchange reactions in the coating or by
breaking the bonds at the polymer/metal interface.6¢ However, when the polymer was
exposed to BaCl, the same effects were not seen, ruling out the Cl-ions as the cause of the
coating degradation.s9 In this study, Figure 2.54 shows that when the high molecular weight
epoxy resin is exposed to environments with high chloride ion levels (such as the ASTM B-
117) no degradation is detected with FTIR. Together, these results suggest that chloride is

very corrosive to the steel substrate, but has little, if any, effect on the epoxy resin coating.

With regards to scribe creep, the effect of chloride is more difficult to determine. Figure
2.24 shows that ASTM G-85 Annex 5 has more scribe creep over time than does the ASTM B-
117 which has a greater concentration of chloride in the fog solution (0.05% for ASTM G-85
Annex 5 to 5% for ASTM B-117). However, scribe creep could only be measured for 10 days
for ASTM B-117 due to the extensive corrosion occurring at locations away from the scribe.
Additionally, ASTM G-85 Annex 5+UV appears to have the same scribe creep rate as does
the ASTM B-117 even though they have different chloride levels. Regarding FITs, less
severe scribe creep was seen in 0.3 wt% NaCl compared with 5% NaCl. At this time, the
overall effect of chloride concentration on scribe creep of epoxy resin coated steel is

unclear.
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2.6.1.2 UV Radiation

UV irradiation has been previously shown to damage many polymer coatings in general,8
and specifically bisphenol-A based polymers like the epoxy resin used in this study.53 In
current experiments, Figure 2.55 shows that exposure to UV causes degradation of the
epoxy resin. In contrast, bare steel exposed to ASTM G-85 Annex 5 with or without UV did
not experience a significant difference in mass loss (Figure 2.3). Together, these results
suggest that, unlike chloride which affects the substrate but not the coating, UV has a
considerable impact on the UV susceptible epoxy coating without affecting the corrosion
rate of the substrate. Previous studies have observed instances where UV light affects the
corrosion rate of bare steel by creating electron-hole pairs in the metal oxide surface which
gives the oxide a positive or negative charge.¢1-6¢4+ However, these studies samples were
exposed high levels of intense and prolonged UV (3 to 5 months) in an effort to understand
the behavior of metals in a water sanitization process. 61-64 In contrast, the conditions used
in current experiments were selected to mimic natural weathering in natural conditions
experienced by bare steel. In this work, UV irradiation was found to damage the coating

without noticeable effect on the corrosion rate of the steel substrate.

For scribe creep, the effect of UV is unclear. Figure 2.24 indicates that scribe creep length is
greater for ASTM G-85 Annex 5 without UV than with UV. UV damage to the polymer

coating (Figure 2.55) suggests that an increased scribe creep length for coated steel exposed
to UV. At this time, it is not understood why UV would reduce scribe creep length and more

research is needed to verify this result.
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2.6.1.3 Wet/Dry Cycling

The effect of wet/dry cycling has been shown to increase corrosion rate of bare iron, both
during dryout and during rewetting.32 6567 Figure 2.3 shows that ASTM G-85 Annex 5 with
and without UV show increased mass loss over time with respect to ASTM B-117.
Moreover, the mass loss test of bare steel immersed in 0.3 wt% NaCl exhibits mass loss
rates of an order of magnitude lower than those seen in ASTM B-117. This supports the
literature that cycling accelerates the corrosion rate of bare steel. 326567 Figure 2.54 shows
that wet/dry cycling has no direct effect on coating degradation, as both ASTM B-117 (non-

cyclic) and ASTM G-85 Annex 5 (cyclic) show no damage to the coating.

Figure 2.24 shows the subtle effect of cycling on scribe creep length. ASTM G-85 Annex 5
has a greater scribe creep length than does ASTM B-117. However, the ASTM G-85 Annex
5+UV has similar scribe creep length to ASTM B-117. The reasons for this are unclear and

more investigation is warranted.

2.6.2 Correlation of Mass Loss with Scribe Creep

Although the measurement of mass loss rates is a well-established practice for determining
the severity of environments for atmospheric corrosion, 2023 the measurement of the rate of
scribe creep has not been used similarly. In order to understand the relationship between
scribe creep rates and environmental severity, the rates must be determined and then
compared to a well-known measure of environmental corrosivity (e.g. mass loss). In order

to determine how mass loss rates relate to scribe creep rates, the data for each were
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plotted. A positive correlation (Figure 2.56) and similar rank order from least to most
severe was found (Figure 2.57). Examination of Figure 2.57 shows that, in general,
experimental conditions that produce the greatest mass loss also produce the greatest
scribe creep. KSC appears to produce a higher ratio of scribe creep length to mass loss than
do LALTSs. The possible reasons for this are not immediately clear. However, together the
data suggest that using published mass loss rates could potentially be used to estimate

ranking in severity of scribe creep as a function of atmospheric ESFs.
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Figure 2.56 Correlation chart showing a positive correlation between mass loss and scribe
creep. Exposure conditions are labeled. Equation for fit line and R2 value are given. Error
bars represent standard error. Values for KSC are at 6 weeks, while values for LALTs are at 10
days. *interpolated value.
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Figure 2.57 Bar graph showing positive correlation and similarity of rank order between
mass loss and scribe creep for 1018 steel after 10 days of exposure in various environments.
Values for KSC are at 6 weeks, while values for LALTs are at 10 days. *interpolated value.

2.6.3 Corrosion Product Analysis

Samples exposed in atmospheric conditions or in LALTs with cycling formed a-FeOOH and
y-FeOOH in amounts detectable by both XRD and Raman spectroscopy (Table 2.4). For
samples exposed at BRD, y-FeOOH was detected both with XRD and Raman microscopy
(Table 2.4 and Figure 2.9). The Raman data support the XRD data and agree with literature
showing iron oxide hydroxides to be the main products formed in atmospheric exposures.17.
18,21,40 Samples exposed in ASTM G-85 A5 with and without UV show a- and y-phase FeOOH
with both XRD and Raman. However, for samples exposed at KSC, no a-FeOOH was

detected with Raman, but was detected with XRD. This would imply that there is a top layer
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of y-FeOOH with an inner layer of a-FeOOH in field exposed samples. 3- FeEOOH was only
found in the rust of species exposed at KSC, and literature supports the formation of 3-
FeOOH in marine atmospheric environments.17.32 Other work suggests that the species
formed depends not only upon the exposure environment, but on the type of steel itself (i.e.

weathering steel vs. mild steel).18. 68,69

Iron (ILIII) oxide (Fe304) was detected on samples exposed in ASTM B-117 with XRD but
not with Raman spectroscopy (Figure 2.4). Both a- and y-phases of FeEOOH were detected
with Raman on the surface of samples exposed in ASTM B-117 (Figure 2.10) but were not
detected with XRD. For FeOOH species, Raman light has a penetration depth of roughly
0.5, where A is the wavelength of light used.42 The laser used in this study has a A equal to
785 nm giving a penetration depth of roughly 392.5 nm. XRD has a penetration depth of
roughly 15 micrometers for pure iron.”0 Detecting FeOOH a and y phases on samples
exposed in ASTM B-117 with Raman but not with XRD suggests that these species exist as
thin layers on the surface of the corrosion products, a conclusion that is supported in the
literature.s® It has been shown that during the final stages of drying, Iron (ILIII) oxide
(Fe304) is oxidized to y-FeOOH.32 Therefore, it may be that the FeOOH species formed when
the sample dried after completing exposure to the ASTM B-117, and not during test

exposure.

Similar to ASTM B-117, y-FeOOH was detected on the surface of samples exposed to FIT at
OCP in both 0.3 wt% and 5% NaCl. Iron (ILIII) oxides were detected with both XRD and
Raman. Unlike ASTM B-117, y-FeOOH did not cover the entire surface and a-FeOOH was

not detected. However, because XRD detected iron (ILIII) oxides and not y-FeOOH, it
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appears that, like ASTM B-117, FIT at OCP at both 0.3 wt% and 5% NaCl produced bulk iron
(ILIII) oxides with y-FeOOH forming on the top and that the y-FeOOH formed when the

samples dried out after testing and not during the test.

In terms of corrosion products formed during exposure, ASTM G-85 Annex 5 with and
without UV correlated the best with KSC of all the LALTSs tested (Table 2.4). Species found
in all three exposures were FeOOH o and y phases. Additionally, 3-FeOOH was detected on
samples exposed at KSC. In contrast, other LALTSs tested did not compare as well with field
exposures. For ASTM G-85 Annex 3, only y-FeOOH was detected. ASTM B-117 was the only
sample in which Fe304 was detected. FeOOH a and y phases were found only with Raman
on samples exposed in ASTM B-117, showing that those species exist only on the surface

and not in the bulk in quantities detectable by XRD.

It should be noted that due to the limitations of XRD (cannot detect amorphous corrosion
products) and Raman (penetration depth of roughly 400 nm) discussed at the beginning of
this section, there could be corrosion products that were not detected. The table of
corrosion products found in Table 2.4 is by no means meant to be an exhaustive list of all

corrosion products that might have formed.

2.6.4 Scribe Creep Behavior of Coated Steel

Inspection of the visual images of scribe creep over time for KSC, ASTM G-85 Annex 5 and

ASTM G-85 Annex 5+UV (Figure 2.14, 2.17, and 2.18) shows that scribe creep appears to
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progress in a similar manner: filiform-like growth can be seen around the edges of the
advancing scribe creep front with scribe creep appearing to progress monotonically right
behind the filiform-like growth. From the line profile data across the scribe (Figure 2.26,
2.32, and 2.34), it can be seen that for both KSC and ASTM G-85 Annex 5 with and without
UV, corrosion products build up at the scribe until the scribe is filled. Corrosion product
then grows outward underneath the coating, wedging the coating up away from the surface
of the sample. ASTM B-117, in contrast, appears to have a shorter scribe creep length over
time than either KSC or ASTM G-85 Annex 5 (Figure 2.24). Additionally, visual images show
that there is a large discolored area that appears under the coating around the scribe after
only one day, and by day 3 the area is completely covered with corrosion products (Figure
2.16). Line profile data show that the scribe itself never completely fills in with corrosion
products for ASTM B-117, as it does in both KSC and ASTM G-85 Annex 5 (Figure 2.30). The
ASTM B-117 line profile data appears to show a more uniform growth underneath the
coating. This could be indicative of a different scribe creep process in ASTM B-117

compared to that of ASTM G-85 Annex 5 and KSC.

From the line profiles for coated steel exposed in FIT at -1 V (Figure 2.38), it can be seen
that there is no discernable buildup of corrosion products in the scribe or corrosion product
wedging away from the scribe. Figure 2.40 shows that corrosion products build up in the
scribe and begin to wedge underneath the coating for coated steel exposed in FIT at OCP in
both 0.3 wt% and 5% NaCl. However, the scribes never completely fill and the wedging is
of limited extent. The scribe creep mechanism for FIT at -1 V does not appear similar to
KSC. The scribe creep mechanism for FIT at OCP in 5% NaCl appears to be similar to ASTM

B-117, but progresses more slowly.
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2.6.5 Coating Degradation During Exposure

EIS data can be used to determine the electrically and electrochemically active defect area
of the coating and give an indication of the coating quality from the perspective of coating
pore resistance.’ Figure 2.52 and 2.53 show the normalized change in impedance at 0.01
Hz over time and allow for direct comparison of changes in coating properties. While KSC,
ASTM B-117 and ASTM G-85 Annex 5 with and without UV showed similar coating
properties near to the scribe (Figure 2.52), there were definite differences far from the
scribe (Figure 2.53). KSC showed some damage, ASTM B-117 showed definite damage, and
ASTM G-85 Annex 5 showed no damage far from the scribe. ASTM G-85 Annex 5+UV
appears to behave the most similarly to KSC in terms of coating degradation far from the

scribe (Figure 2.53).

FTIR data show that ASTM B-117 and ASTM G-85 Annex 5 have no direct effect on the
molecular bonding in the coating (Figure 2.54). However, the coating was damaged by the
environment at KSC. Only ASTM G-85+UV shows similar damage to the coating seen on
field exposed samples with FTIR (Figure 2.55). These results point to UV being an
important ESF to include in any LALT used to compare the corrosion of organically coated
samples to field sites with significant UV exposure (i.e., field sites in locations with high

solar radiation or upper atmosphere environments where heightened UV levels occur).

ASTM B-117 appeared to be too severe for this system. Visually, damage was seen to occur

quickly and in many places across the coated sample (Figure 2.16). EIS results also show
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coating damage occurring quickly both near to and far from the scribe for coated samples
exposed in ASTM B-117, which is not seen in any other exposure (Figure 2.52 and 2.53).
Since the FTIR data have shown that the ASTM B-117 does not damage the coating
specifically (Figure 2.54), it follows that the damage to the coating is a result of interactions
of the test environment with the substrate. Why then is ASTM B-117 so aggressive to this
system? It has been shown that some ESFs (i.e., chloride) are severe with respect to
substrate corrosion, while being benign with respect to the coating.8 51.71.72 [t has also been
shown that increasing the level of chloride ions increases the corrosion rate of bare steel.22
23,58 The high chloride content (5% NaCl) of the solution may cause aggressive corrosion at
any and all coating defects causing the entire scribe and surface to be corroded after just 10
days of exposure. It bears repeating that in no cases were samples exposed in the ASTM B-
117 found to be similar to samples exposed at KSC. The coating was not damaged by the
environment in ASTM B-117 as it was at KSC because of the lack of UV in ASTM B-117. The
EIS parameters of the coating degraded quickly near and far from the scribe for samples
exposed in ASTM B-117 but did not degrade as quickly far from the scribe for samples

exposed at KSC. The corrosion products found also differed in both species and amount.

2.6.6 Anodic Wedging vs. Cathodic Delamination as a Main Factor in Scribe

Creep

Full immersion tests run on both bare and coated samples held at OCP showed expected
behavior in terms of mass loss (Figure 2.3), scribe creep (Figure 2.24) and coating damage
as measured with EIS (Figure 2.52 and 2.53). However, samples held -1V vs. SCE behaved

very differently. -1V vs. SCE is a very cathodic potential and should allow only cathodic
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reactions to take place at and around the scribe where there is minimal IR drop. This notion
is supported by the high value of Zo1 (Figure 2.52 and 2.53). Mass loss (Figure 2.3) and
scribe creep data (Figure 2.24) indicate very little corrosion during the exposure.
Additionally, EIS data show that there is no measureable drop in Zoo1 near to or far from the
scribe (Figure 2.52 and 2.53). These results suggest, but do not prove, that cathodic
disbondment caused by cathodic reactions under the coating is not the dominant factor

controlling scribe creep in this system.

It may be that cathodic delamination is dominant in consistently wet conditions like ASTM
B-117 while anodic wedging plays a bigger role in cyclic wet/dry conditions where more
voluminous corrosion products are formed.32 6% For instance, if corrosion in the scribe led
to a cathodic reaction rate underneath the coating which exceeded the rate of FIT at -1 V vs.
SCE, it would be possible that cathodic disbondment could still be a dominant scribe creep
mechanism with respect to -1 V vs. SCE. However, an important point is that corrosion
products formed in cyclic conditions are often less dense than those formed in continuously
wet conditions (i.e. the densities for iron oxide hydroxides are 3.55 g/cm3 for Akaganeite (f3-
FeOOH), 3.8 g/cm3 for Goethite (a-FeOOH), and 3.85 g/cm3 for Lepidcrocite (y-FeOOH))73.
The densities for species found in continuously wet conditions (5.26 g/cm3 for Hematite (a-
Fe;03), 5.1 g/cm3 for Maghemite (y-Fe;03) and 5.18 g/cm3 for Magnetite (Fe304)) are much
higher than the hydroxides found in atmospheric and cyclic LALT conditions.”? The more
voluminous corrosion products found in cyclic conditions may cause more physical stress

on the coating as they grow, increasing the role of anodic wedging during scribe creep.
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Line profile data (Figure 2.26 and 2.32) show what appears to be anodic corrosion product
growth and wedging on samples exposed at KSC and in ASTM G-85 Annex 5. In order to
determine the importance of anodic wedging in the scribe creep of field samples,
potentiostatic FITs were performed. Samples held at -1 V vs. SCE showed no signs of
coating damage or cathodic disbondment as measured with EIS after 10 days, which is seen
in the lack of change in the low frequency impedance results (Figure 2.52 and 2.53). In
contrast, when samples were held at OCP in 0.3 wt% and 5% NaCl, allowing for both anodic

and cathodic processes, coating damage is seen (Figure 2.52 and 2.53).

2.6.7 LALTSs that Simulate Field Tests

The processes that make up underpaint corrosion and scribe creep for the Eponol coated
steel system in a cyclic wet/dry environment are shown in Figure 2.58.5¢ When there are no
ESFs present that strongly attack the coating (i.e., UV), underpaint corrosion is dominated
by anodic corrosion product wedging at the scribe and supporting cathodic reactions that
may generate hydroxyl ions. This can occur both at the scribe and at any unintentional
defects. This suggests that the primary mechanisms to reproduce during LALTs on coated
and scribe steel is anodic corrosion product wedging with matched corrosion product
identity that enables growth below the coating. Therefore, ESFs which match the corrosion
type and form similar corrosion products are important. In contrast, when ESFs that attack
the coating are present, coating defects can also be created by the ESF by degradation of the
organic coating itself. These defects allow for underpaint corrosion to begin away from the
scribe which further damages the coating. LALTS, such as ASTM B-117, that do not

incorporate an ESF that attacks the coating specifically, and those that produce very severe
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metal corrosion, do not demonstrate the type of coating degradation seen in field exposures.
These results emphasize the importance of incorporating ESFs that attack the coating for
improved lab/field correlation as well as those that produce similar corrosion and similar

corrosion products at the scribe.

Schematic of Underpaint Corrosion Mechanisms on Coated 1018 Steel
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Figure 2.58 Schematic of underpaint corrosion and scribe creep processes on Eponol coated
1018 steel. Diagram adapted from.56

2.7 Conclusions

Scribe creep lengths were found to correlate with mass loss on ultra-high molecular weight

epoxy resin (Eponol) coated 1018 steel (UNS G10180) for field, LALTs, and FITs.
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Concerning field exposures and FITs, FIT at -1 V vs. SCE did not behave similarly to KSC field

exposures. FIT at OCP also did not mimic field results.

Overall, it has been shown that ASTM G-85 Annex 5 correlated well with KSC in terms of
scribe creep rate, scribe creep corrosion morphology, and corrosion mechanism, but not in
coating degradation as observed with EIS and FTIR. However, the addition of UV to ASTM
G-85 Annex 5 produced better correlation with KSC with regards to coating degradation.
ASTM G-85 Annex 5+UV correlated the best with KSC of any LALT tested. In contrast, ASTM
B-117 was shown to correlate poorly with KSC because of the very aggressive substrate
degradation and non-aggressive polymer degradation aspects of the ASTM B-117. FITs also
correlated poorly with KSC. The incorporation of UV and wet/dry cycling in the LALTs

served as the major determinants of successful correlation with field exposures.

Due to the benign nature of the BRD site, there was not enough scribe creep or mass loss
over the exposure time to be able to draw any conclusions about correlation between BRD

and LALTSs.

The effects of ESFs on mass loss of bare steel are understood fairly well. However, the
effects of ESFs on scribe creep behavior appear to be very complex. Systematic isolation
and evaluation of the effects of ESFs, individually and in combinations, on scribe creep
length of coated steel is still needed to more accurately determine how scribe creep is

affected by the environment.
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3 Chapter 3 - Isolation and Systematic Analysis of
Corrosion Factors in LALTs

3.1 Summary of Chapter 3

Chapter 2 demonstrated that the effects of ESFs on the scribe creep of ultra-high molecular
weight epoxy resin coated steel are a complex function of ESFs. In order to gain a better
understanding of the effects of ESFs on the coating/substrate system, a Fractional Factorial
Design of Experiment (FFA) was employed to probe the effects of ESFs. The environmental
variables explored were temperature, % relative humidity, chloride, UV and wet/dry
cycling. The effects of ESFs (singularly and in combination) were examined through the
creation of a LALT test matrix using controlled ESFs in lab exposures. In the FFA matrix
selected ESFs were systematically varied at high and low levels across a series of
experiments. Corrosion, scribe creep, and coating degradation of ultra-high molecular
weight epoxy resin (Poly(Bisphenol A-co-epichlorohydrin) glycidyl end-capped
(C18H2203)neC22H2604; CAS No. 25036-25-3,trade name Eponol) coated AISI 1018 steel
(UNS# G10180; 0.15% C, 0.7% Mn, Fe; wt. %) were investigated. To accurately discern the
effects of ESFs on mass loss, scribe creep, and coating degradation, a suite of high-level
surveillance methods capable of interrogating both coating and substrate degradation was
used. These methods included electrochemical impedance spectroscopy (EIS), X-ray
diffraction (XRD), 3D optical microscopy, Raman microscopy and Fourier Transform
Infrared Spectroscopy (FTIR). Mass loss samples were exposed concurrently with coated

and scribed samples.
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Results show mass loss was lowest for FFA1 and FFA2, involving low temperature and low
cycling, and greatest for FFA4 and FFAG6, involving high temperature and high cycling.
Additionally, iron oxide hydroxides (FeOOH) were the main corrosion products formed in
FFA exposures. Scribe creep results showed that FFA1, FFA2, FFA3 and FFA5 presented
similar scribe creep lengths while FFA4 and FFA6 presented distinctly greater scribe creep
lengths compared to the other FFAs. Scribe creep and mass loss were shown to have a
positive correlation in all cases. Scribe creep lengths at 15 days were similar for FFA1,
FFA2, FFA3 and FFA5. However, scribe creep lengths at 15 days for FFA4 and FFA6 were
significantly higher compared to the other FFAs. FFA4 and FFA6 were the only exposures
with high levels of both temperature and cycling. Possible reasons for the noted effects of
the combination of high temperature and high cycling rate are discussed. Finally, high levels
of UV were shown to promote coating degradation far from the scribe but were not found to

be a strong factor in scribe creep.

3.2 Background

3.2.1 Isolation of Corrosion Factors

Chapter 2 showed that the effects of ESFs (specifically chloride, wet/dry cycling, and UV) on
the mass loss of bare steel were fairly straightforward.!-11 Chloride and wet/dry cycling
were both shown to significantly affect the corrosion of bare steel, while UV showed no
discernable effect on mass loss. The effects of ESFs on scribe creep of a coating/substrate
system, however, were more difficult to elucidate. First, although chloride and wet/dry
cycling had a pronounced effect on the corrosion of bare steel, they were not observed to

specifically affect the isolated degradation of the polymer coating of coated steel. Second,
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although UV was found to degrade the coating, it did not have a discernable effect on the

rate of scribe creep.

The effects of ESFs on scribe creep of coated steel may have been obfuscated due to fixed,
but not judiciously selected, levels of ESFs across the standard LALTs used in Chapter 2.
Although industry standard LALTs include differing levels of ESFs, these ESFs are not
necessarily selected and implemented in a systematic way (see Table 3.1). As discussed in
Chapter 1, there is a general lack of systematic variation and evaluation of the effects of
individual corrosion drivers in the lab or field. ESFs are often combined at relatively high
levels, producing a LALT that is more severe than the field environment. Such combinations
may confound the impact of individual drivers on degradation of the coating, substrate and
the coating/substrate system. Overall, the relationships between ESFs and corrosive
mechanisms such as corrosion product wedging, underpaint corrosion and scribe creep are

poorly understood.

Table 3.1 ESF levels for selected LALTSs and field sties.

Mean Cl- )
Mean |, | Cycling
Mean Mean RH impingement
Exposure uv (cycles per
Temp °C (%) rate
(W/m2) day)
(g/cm?/day)
Kennedy
Space Center, 23.6 77.2 0.6 6.4x10-5 1
FL
ASTM B-117 35 100 0 0.0145 0
ASTM G-85
29.5 60 0 7.23x10°5 6
Annex 5
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Therefore, the current chapter attempts to more accurately determine the impact of ESFs
on degradation of the coating/substrate system by isolating and systematically varying
selected ESFs across scribe creep experiments. Individual corrosion drivers were varied in a
controlled manner in a series of customized LALTs. The variables explored were
temperature, % relative humidity, chloride, UV and wet/dry cycling. In order to isolate the
effect of each ESF, experiments were designed that allowed for the manipulation of one or
more factors while other factors remained unchanged. Additionally, these factors were
varied (i.e., tested at a high or low level) broadly enough to detect the changes that they
caused in scribe creep. Justification for the levels chosen is given in Section 3.2.3. Lastly, use
of a fractional factorial experimental design enabled these test objectives to be completed

within reasonable constraints of time and resources.

3.2.2 ESF Level Selection

In order for the factorial design to successfully elucidate the effects of individual ESFs, the
levels for each variable had to be carefully selected. It was important that there be enough
separation between the levels that the effects of each variable could be detected.
Appropriate levels were selected using a two-fold approach. First, visual inspection of the
samples revealed that the ASTM B-117 produced significant corrosion across the surface of
the coated samples, rather than corrosion originating from the scribe (Figure 2.16). This
pattern was uncharacteristic of the KSC field samples and samples tested in the other LALT
(ASTM G-85 A3 and G-85 A5) (Figure 2.14 and 2.17). By comparing variable levels set in the
LALT standards, it was determined that the ASTM B-117’s elevated chloride level (0.346

g/cmz/day, based on the continuous spray of 5% NaCl solution) was the mostly likely cause
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of the irregular corrosion pattern (this determination will be addressed in the discussion
section of this chapter). In contrast, the ASTM G-85 had a lower chloride level (7.23x10-5
g/cm2/day) and the irregular corrosion pattern was not seen. Based on these relative levels
of chloride in the standard LALTSs, it was decided that 1) the high level should be above the
level for ASTM G-85 Annex 5, but well below the ASTM B-117 level and 2) that the low level
should be below the value for KSC. Therefore, in the fractional factorial experimental
design, chloride levels were held at either 2.3x10-* g/cm?/day (high) or 2.3x10-5> g/cm?/day
(low). For comparison, the International Organization for Standardization (ISO) rankings
(ISO 9223) for chloride are shown in Table 3.2.12 The chloride deposition rate and relative
ISO classification for ASTM B-117, KSC and the high and low levels for the FFAs are given in

Table 3.3.

Table 3.2 Table of International Organization for Standardization (ISO) rankings (ISO 9223)
for chloride levels.12

Chloride ISO Table
Class Rate mg/m?2/day
SO <3
S1 3-60
S2 61-300
S3 >300
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Table 3.3 Chloride deposition rates and ISO classifications for various exposures.

Chloride Ranking
Test Rate mg/mz2/day Class
ASTM B-117 144900 S3
ASTM G-85 723 S3
KSC 640 S3
FFA High 2275 S3
FFA Low 227.5 S2

Linear regression analysis was next performed on existing data from the LALT exposures
performed in Chapter 2 Performing linear regression on mass loss data from bare steel was
beneficial for many reasons: primarily, 1) the factors that affect mass loss were already
known and documented,! 2) a model for atmospheric exposure of weathering steel was
already known,! 3) it could provide a basis from which to determine the levels for scribe
creep given the correlation seen between scribe creep and mass loss (Figure 2.57), and, 4) if
the regression for mass loss proved valid, it would demonstrate the validity of the
foundation for building a scribe creep model (Chapter 4). Linear regression analysis of the
standard LALT exposures from Chapter 2 (ASTM B-117, ASTM G-85 Annex 5, ASTM G-85

Annex 3) produced the following equation for mass loss:

ML =19.9(t1/?) + 0.934[Cl"] — 0.33RH — 2.95(pH) + 2.4(cycling) 3.1
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where ML is mass loss in mg/cm?, t is time in days, [Cl-] is chloride concentration in g/L, RH
is mean % relative humidity, and cycling is the number of cycles per day. This equation was
constructed before the decision was made to measure chloride impingement rate, the
chosen measurement method was in g/L of solution used in the standard LALT. This is the

only situation in which the impingement rate is not used.

Equation 3.1 was plotted using the same environmental parameters used in the standard
LALTs (ASTM B-117, G-85 A3 and G-85 A5, shown in Table 3.4). Figure 3.1 shows good
agreement between the mass loss data from the standard LALTs (presented in Chapter 2)
and the predictions from Equation 3.1. Linear regression of the data shows that there was a
masking effect of temperature and chloride. This means that the effects of temperature
could not be isolated very well from the effects of chloride alone because they were at held
relative levels for each LALT that did not lend themselves to sorting out this issue. In the
standard LALTSs, when temperature was high, so was chloride level, and when temperature
was low, so was chloride. For this reason, temperature was included in the equation for
mass loss in standard LALTs. Equation 3.1 is valid only in the temperature range of 25-
40°C. Therefore, these temperatures were chosen as the high and low levels for the FFA

exposures.
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Table 3.4 Table of ESF parameters in standard LALTs. These values were used with Equation

3.1 to determine the model predicted curves in Figure 3.1.

LALT Cl- (g/L) | %RH pH cycling
ASTM B-117 325 100 6.5-7.2 |0
ASTM G-85 A3 19.77 98 2.8-3.0 |12
ASTM G-85 A5 0.03 70 5.0-5.4 |12

0.12 4
|
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2
§ 0.06 -
;‘) —m— G-85 Annex 3
a 0.04 / —— Model Prediction (G-85 Annex 3)
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/ —— Model Prediction (B-117)
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Time (days)

Figure 3.1 Mass loss data for standard LALTs plotted against Equation 3.1. Each curve for
Equation 3.1 uses the same environmental parameters as the standard LALT (listed in Table
3.4) it is plotted against. Results demonstrate strong agreement between the model and the

LALTs.

The pH of the ASTM G-85 Annex 3 was shown to cause extreme degradation of the

substrate, so using a pH of that level was ruled out. It was decided that the two levels
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chosen for pH would coincide with the pH of the ASTM B-117 for the high and the pH of the

ASTM G-85 Annex 5 for the low (Table 3.4).

Based on the agreement between the model’s predictions and actual LALT results, it was
determined levels within those of the standard LALTSs for cycling and mean % RH could be
used in the fractional factorial experimental design. %RH levels were chosen at 70 for the
low (equivalent to the ASTM G-85 Annex 5) and 85 for the high. The numbers of wet/dry
cycles had to be chosen taking into account the desired levels of mean %RH and making
sure that changing the number of cycles did not change the overall amount of time that
samples spent in each stage (spray, dwell and dryout). The relative humidity during dryout
is 20% and the relative humidity during the spray stage is assumed to be 100%. These
considerations dictated that 4 cycles per day was the high level and 1 cycle per day was the

low level.

UV levels in the ASTM G-85 Annex 5+UV (0.5 W/m?2 for 6 hours) caused easily detectable
damage to the polymer coating as measured with FTIR, as discussed in Chapter 2. Levels
were chosen that were lower than the level used in the ASTM G-85 Annex 5+UV in order to
determine whether UV was a factor in scribe creep. Therefore, UV levels of 0.28 W/m?2 for

four hours for the high level and 0.16 W/m? for four hours for the low level were chosen.
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Table 3.5 The selected levels of variables for the fractional factorial design of experiment.

Mean Ozone Mean Cl- Cycling (#

Temperature (°C) | (ppb) %RH | (g/cm?/day) | pH | UV (W/m?) per day)

High 40 500 85 2.3x104 7 0.28 4

Low 25 8 70 2.3x10°% 5.5 0.16 1

A change, however, in the functionality of lab equipment during the fall of 2013 resulted in a
necessary modification of the factorial experimental design. Due to the difficulty of
measuring pH on a corroding metal surface, pH was removed from the remaining
experiments. Statistical analysis of the data obtained up to October 2013 indicated that
ozone had no detectable effect on mass loss, or scribe creep, of the steel samples. Figure 3.2
shows the mass loss of bare steel for the first four conditions in the fractional factorial
design test matrix (Table 3.7). FFA1 through 3 were run prior to the equipment failures in
the fall of 2013, and FFA4 was run once the equipment was back online. The mass loss
results were affected by temperature more than any other single variable. Additionally, it
was found that ozone did not produce any detectable change in the polymer coating when
coated polypropylene samples were exposed to 500 ppb ozone for 15 days (Figure 3.3). For
these reasons, ozone was also removed from the set of variables for the remaining factorial

experiments (Table 3.5).
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Figure 3.2 Mass loss of bare steel for the first four conditions in the fractional factorial test
matrix.

165



500 ppb ozone
—— Unexposed

Absorbance

T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm™)

Figure 3.3 FTIR spectra for Eponol coated polypropylene samples unexposed and exposed in
500 ppb ozone for 15 days.

3.2.3 Theory of Factorial Design

In classical experimentation, a testable hypothesis is developed and an experiment is run to
test the hypothesis. Sometimes one variable is systematically varied while the others are
held constant. The data obtained by the experiment are used to modify the original
hypothesis and new experiments are then designed and conducted.!3 This iterative process
is continued until the desired result is achieved. This type of experimentation relies heavily
on an experimenter’s prior knowledge and is often time consuming, especially if there are
multiple variables to be studied.!3 However, factorial experimental designs enable efficient

investigation of multiple variables by selecting a fixed number of levels for each variable
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and performing experiments to test all possible combinations.!3 For example, to test the
effects of three additives to a lubricating agent at two different levels (i.e., high/low amount

of the additive) would require eight experiments (see Table 3.6).

Table 3.6 Factorial design test matrix for testing three variables in eight experiments.

Run Variable 1 Variable 2 Variable 3
1 - - -
2 + - -
3 - + -
4 + + -
5 - - +
6 + - +
7 - + +
8 + + +

The benefits of factorial experimental designs include: 1) relatively limited number of
experiments to generate significant data, 2) the ability to detect major trends that can be
used to direct and refine further experimentation, and 3) all possible effects, including

effects caused by the interaction of multiple factors, can be determined.!3

Originally, seven ESFs (temperature, chloride, cycling, ozone, pH, mean %RH and UV) were
selected and studied. To test all possible combinations of factors with seven variables at
two levels would require 128 individual experiments. This is known as a 27 factorial design
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where 7 variables are tested at two levels. 128 experiments would be needed to determine
all of the effects caused by interactions between three, four or more variables. However,
many of these higher order interactions generally have a negligible effect on the overall
trends of the data, and thus can be disregarded?3 (this is analogous to ignoring higher order
terms in a Taylor series expansion). By taking a specific fraction of the experiments, the
main effects can be determined without the time and resources required to perform a full
factorial design. Such a design is call a fractional factorial design. In fractional factorial
design, n-1 variables can be tested at two levels using n experiments.13 Performing eight
experiments for seven variables at two levels is known as a 27-* fractional factorial design
and is a fairly common experimental design choice.13 In this type of experimental setup, a
high and low level for each variable is chosen and then the experimental test matrix is

designed so that each variable “experiences” every other variable at a high and low level.

There is a tradeoff when one performs a fraction of a full factorial test matrix, such that
savings in time and resources must be balanced with a possible reduction in resolution of
the effects of these variables.!3 Resolution in this sense is the ability to detect all main
effects and higher order interactions between individual ESFs. Statistical experimental
resolution is not very different from resolution in microscopy. For example, an optical
microscope could be used to interrogate the surface of a sample to identify locations of
interest before interrogation with SEM. Similarly, in statistical analysis, a fractional
factorial design can be implemented before a full factorial design of experiment to detect
significant trends or patterns in the data. The fractional factorial design used in this study is
of resolution (III), meaning that main effects (those caused by individual environmental

factors) can be determined, but they may be confounded by two factor interactions.!3
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Higher order interactions between three or more factors are not discernable. In this study,
a 274 fractional factorial design of experiment was conducted. Eight experiments
investigating the effects of 7 ESFs on scribe creep were to be conducted. However, as
discussed in Section 3.2.2, the number of variables was reduced to five (temperature, UV,

chloride, cycling, and %RH).

3.3 Objective

The objective of this experimental design is to systematically develop an understanding the
effects of isolated individual and combined environmental severity factors (ESF) on mass
loss, underpaint corrosion sensed by scribe creep and polymer coating degradation. The

ESFs examined were temperature, ozone, UV, pH, % relative humidity, chloride and cycling.

3.4 Experimental Methods

3.4.1 Materials

Organic coated and scribed AISI 1018 steel (UNS# G10180; 0.15% C, 0.7% Mn, Fe; wt. %)
was used as a model coating system. A clear epoxy resin (Poly(Bisphenol A-co-
epichlorohydrin) glycidyl end-capped (Ci1sH2203)neC22H2604; Trade name Eponol ) was used.
The chosen epoxy resin is a high molecular weight resin used primarily as a constituent of
paint coatings.'* The coating was applied to be 30£5 pm thick and had a high initial
impedance of 21011 (O-cm? at 0.01 Hz. Samples not in the stated thickness range or below
the initial impedance level were discarded. The choice of this clear resin as a coating for

samples in LALTs allowed the underpaint corrosion to be imaged with optical microscopy.
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It also enabled interrogation of the underpaint environment by 3D optical microscopy and

Raman microscopy, both of which penetrate the clear coating to interrogate the substrate.

Epoxy resin films were also cast on inert polypropylene substrates. These substrates were
exposed along with the bare and coated metal samples and were interrogated with FTIR

after exposure.

3.4.2 Sample Preparation

In preparation for coating, the surface of each metal sample was ground with 120, 180, 240,
300, and 600 grit silicon carbide paper to remove any surface oxide, even out any
imperfections and create a clean bare surface for the application of the coating. The
samples were then blown with compressed air to remove any large debris from the
grinding. The samples were washed with water and detergent and rinsed with Millipore
water. After washing, the samples were immediately blown dry with compressed dry air.
The epoxy resin was applied to the steel samples by draw down bar to a thickness of 30+5
pum. The metal samples were cured for five days in lab air and then cured at 60°C for 24
hours. After curing, the samples were cut to 2.5 x 2.5 cm dimensions and then scribed by
hand down the middle with a diamond scribe tool. Figure 1.20 (Chapter 1) illustrates a top
down diagram of the coated and scribed sample, while Figure 1.21 (Chapter 1) shows the

sample and scribe in cross-section.
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3.4.3 High-Level Surveillance Testing Methods

3.4.3.1 2D and 3D Digital Optical Microscopy

The bare and coated 1018 steel samples were imaged with a Hirox KH-7700 digital
microscope. The samples were first imaged with a macro lens to get one image of the entire
sample surface. The coated samples then had a 2D tiled image taken at 50x that extends the
length of the scratch using the MXG-4050RZ lens. Higher resolution images (400x+) are
taken at various interesting spots on the samples. The clear coating allows for visual
imaging of the metal surface under the coating. The image analysis software Image] 1.44p
released by the National Institutes of Health was employed to make quantitative
measurements of scribe creep from 2D images of the scribe and surrounding scribe creep.
Scribe creep lengths were measured from the scribe line perpendicularly to the edge of the
scribe creep front. The measurements were done at 10 random locations along the scribe in
both directions for a total of 20 measurements. These data were then used to determine an

average scribe creep length.

The coated samples then have 3D tiled images taken at 350x that start at the scratch and
run perpendicular out from the scratch using the MXG-10C lens with the OL 350 Il lens
attachment. Continuous 3D optical tiling was used to generate images that were 600 by
3000 pm (bounds set by the magnification of the lens) in the x-y plane with full penetration
of the clear epoxy resin coating. 3D images were used to generate line profiles of the
corrosion product morphology across the scribe. These 3d tiled images are taken at the

same place every time to monitor the progress of the corrosion from the scratch. The 3D
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images were processed using Mitiani Corporation 3DMeasurement software and with

Mountains Map® Analysis Software 6.2 by Digital Surf

3.4.3.2 Digital Image Analysis

The image analysis software Image] 1.44p released by the National Institutes of Health was
employed to make quantitative measurements of scribe creep from 2D images of the scribe
and surrounding scribe creep area. Scribe creep lengths were measured from the scribe
line perpendicularly to the edge of the scribe creep front. The measurements were done at
10 random locations along the scribe in both directions for a total of 20 measurements.
These data were then used to determine an average scribe creep length. Error bars reported
for scribe creep length represent standard error, which is the standard deviation divided by

the square root of the sample size.

3.4.3.3 Electrochemical Impedance Spectroscopy

Electrochemical Impedance Spectroscopy was used to measure the change in the electrical
properties of the coating over time. EIS was performed at locations near to and far from the
scribe. This was done to more accurately determine the rate at which the scribe creep front
moved away from the scribe and to determine the effects of the scribe and ESFs on the

electrical characteristics of the coating.

The testing was done on a Princeton Applied Research Versastat 4 using the VersaStudio
software. A five minute OCP test was run before EIS. A typical EIS scan was acquired in sine

mode from 100 kHz to 0.01 Hz with 6 points per decade. Coated panels were scanned with
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an AC amplitude of 60 mV. The tests were run in a flat cell containing 50 mM sodium sulfate
solution with ambient aeration at 25°C. The area of the sample tested was a circle with an
area of 1cm2. The reference electrode used was a saturated calomel reference electrode
was used as the reference electrode. Samples were used as the working electrode, and a
platinum mesh was used as the counter electrode. The EIS data were processed using Z-

View 3.3d analysis software by Scribner Associates Inc.

3.4.3.4 Fourier Transform Infrared Spectroscopy (FTIR)

Fourier Transform Infrared Spectroscopy was performed at the University of Southern
Mississippi and was used to monitor degradation of the coating over time. Films were left
on the substrate and spectra were taken from three different locations on the epoxy resin
film by securing them to the Smart iTR attachment. The spectra were obtained using a
Nicolet 6700 FTIR from Thermo Scientific running Omnic software, in 650-4000 cm-! range.
The spectrophotometer was operated in transmission mode. The spectra were recorded at
aresolution of 2 cm! and 32 scans were run per location. The polypropylene substrate on
which the Epoxy resin coating was cast was inert, and thus had no effect on the degradation
of the coating. This isolated the effects of the environment from the effects of underpaint
corrosion on degradation of the coating. Degradation of the coating was observed by
comparing the results of an unexposed coating to exposed coatings. Films were exposed in

all factorial experiments.
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3.4.3.5 Raman Microscopy

Raman microscopy is a surface sensitive spectroscopy method that detects the molecular
identity of corrosion products. It is used to determine the species that form on the surface
of the samples that are either amorphous or in limited quantities that are undetectable by
XRD.15 Raman microscopy was conducted using a Renishaw InVia Raman Microscope with
a 200 mW, 785 nm laser with a fixed diffraction grating over a range of 200 to 1400 cm'L.
The laser power was 0.1% with a spot size of 50 pm. Raman was performed on standard
powders for comparison to experimental results. For exposed samples, Raman spectra
were taken from at least ten varied locations over the surface of the sample, with care taken

to perform scans on all different types of colors and morphologies seen.

3.4.3.6 X-Ray Diffraction (XRD)

X-Ray Diffraction (XRD) was performed using a PANalytical X'pert Pro MPD powder
diffractometer with a Cu-Ka source. All samples were scanned continuously from 10 to 120
degrees at a rate of 1 degree per minute. The data were analyzed using Highscore Plus 3.0c
analysis software by PANalytical. Pure powders of individual iron oxides and hydroxides
were characterized with XRD for comparison to XRD spectra of exposed samples. Standard
powder samples were examined as received while exposed steel samples were examined

with the oxide intact on the sample.
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3.4.3.7 Mass Loss Test Procedure

Mass loss samples were all weighed before exposure on a Denver Instrument Company M-
220D scale with a resolution of 0.01mg. The back samples were covered in electroplating
tape, and then the edges were coated with stop-off lacquer before exposure. After exposure,
the tape and lacquer were removed and the samples placed in a hydrochloric acid solution
until all visible corrosion products had been removed according to the ASTM G 1-03.16 The
samples were then removed, rinsed, dried and weighed. Mass loss samples were not
returned to the exposure chambers after testing. Error bars reported for mass loss
represent standard error, which is the standard deviation divided by the square root of the

sample size.

3.4.4 Sample Exposure Conditions

3.4.4.1 Experimental Setup

Temperature, ozone, mean % RH, chloride, pH, UV and cycling were chosen as variables for
this study. The way a variable is measured is important for understanding how the levels
chosen for the fractional factorial experimental design compare with real world exposures.
Most variables were measured in a straightforward way (e.g., temperature, wet/dry cycling,
ozone, %RH and UV were all measured by sensors designed to detect those factors). Other

factors, however, were not as straightforward.

Chloride ion deposition rate in the field is often measured with a wet chloride candle. A wet
chloride candle is a long wick of gauze with one end threaded through a rubber stopper into

a bottle of a glycerol/water solution. The other end is exposed to the atmosphere. Chloride
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ions in the air come in contact with the wick and are wicked into the solution in the bottle.1?
After a set period of time, the chloride concentration in the solution is measured and a
chloride deposition rate is determined. However, there are several major shortcomings
with this method. First, the difference in geometry and materials between a flat metal panel
and a strip of gauze can cause differences in the deposition rate measured by the candle and
the actual deposition rate on the sample surface. Second, the amount of chloride measured
by the chloride candle over time is not the amount that may stick to the surface of the
sample. Precipitation events can remove chloride from the surface of the sample and these
events would not remove the wicked chloride from the candle solution. Therefore, to
establish a chloride deposition rate by chloride candle is misleading in that the actual
amount of chloride on the sample surface is never known. This creates problems in
comparing the amount of chloride in a LALT solution to a chloride deposition “rate.” In
order to make comparison more straightforward, a different measure has been proposed: a
chloride impingement rate. The impingement rate is the amount of chloride that contacts
the surface of the sample per unit time. The impingement rate makes no assumption about
deposition, runoff, or the length of time that chloride stays on the surface of the sample. A
chloride candle measures all chloride that impinges upon the wick. In a controlled LALT,
the rate of chloride impingement on the surface of the sample can be calculated using the
amount of solution that impinges on the. For the 2.5 by 2.5 cm samples used in this study
held at 60° from horizontal in the ASTM B-117, the impingement rate is 0.34668 g Cl-/cm?

per day.

The pH of a solution is straightforward to measure. However, the pH of a solution on a

corroding metal surface is much more complex. An aqueous solution exposed to air on the
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surface of a sample will become acidic due to carbon dioxide being absorbed and converted
to carbonic acid.! At normal atmospheric concentrations, pure water exposed to air will
equilibrate at pH 5.7.1 Additionally, aerosol particles in the atmosphere can introduce
sulfate or nitrate species that can also affect the pH of the water layer on the surface of a
metal sample. Despite the complex nature of measuring the pH of a water layer on a
corroding metal surface, pH is important due to its well-known effects on the corrosion of
steel.1. 218,19 Because of its importance, pH was originally tracked in these experiments by
measuring the pH of the salt solution that was put into the exposure chamber. The pH was

adjusted by HCl and NaOH.

For this study, the originally chosen variables have been arranged in a test matrix presented

in Table 3.7.

Table 3.7 Test matrix for fractional factorial experiments in this study.

Run Temperature Ozone Mean %RH Cl- pH uv Cycling
1 - - + - - - -
2 - + - + + - -
3 + + + + - + -
4 + - - - + + -
5 + - - + - - +
6 + + + - + - +
7 - + - - - + +
8 - - + + + + +
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3.4.4.2 Variable Level Selection

Appropriate testing levels for the ESFs examined using factorial design were selected using
a two-fold approach. First, visual inspection was employed to evaluate corrosion produced
by the variable levels set in the B-117, G85 A3, and G85 A5 standards. Second, linear
regression analysis of the mass loss data (presented in Chapter 2) for these tests and the
KSC field site was performed. This analysis was used to develop an expression for mass loss
for the Eponol/1018 steel system. The variables tracked were time in days, mean
temperature, mean %RH, chloride concentration in grams per liter of solution, pH, UV in
terms of intensity multiplied by the number of hours per day, and cycling in terms of the
number of cycles per day. The data were analyzed using R statistical software.20 A
consultant was employed to help the author learn and perform statistical analysis of the

data.

The levels of the selected ESFs were adjusted in the following manner: mean chloride
impingement rate was adjusted by changing the concentration of chloride ions in the
solution. The pH of the solution was brought to the desired level by using acetic acid and
sodium hydroxide. Mean %RH was adjusted during the dwell stage of the test setup. The
fog chamber spray stage has 100% RH and the dry out stage, using lab air, has 20% RH,
which is below the NaCl deliquescence point of 75% RH.2! The %RH of the dwell stage was
therefore adjusted by performing a dryout for four minutes between the fog and the dwell
stage to reach the desired mean %RH over the length of the dwell stage. The change in
%RH over the course of a day can be seen in Figure 3.4. The temperature was controlled

and adjusted by the salt fog cabinet. The UV light intensity was adjusted by placing the
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samples at specific locations within the chamber where the UV intensity had been

measured. A timer for the UV lights was installed to control the irradiation time.
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Figure 3.4 Chart of relative humidity during one day for high and low cycling for a mean
relative humidity of 70%.

The modified salt spray cabinet has three operation modes: spray (also called fog) where
the solution is sprayed on the samples; dwell, where the cabinet is kept at a specific relative
humidity and temperature; and dry out, where lab air is blown though the cabinet to dry out
the moisture on the samples. Therefore, the test setup used in these experiments could only
incorporate these three modes. For the current experiments, the test cycle consisted of
three stages: four hours of spray, sixteen hours of dwell and four hours of dry out. To
incorporate cycling into the test, the test setup was changed to one hour spray, four hours

dwell and one hour dry out repeated four times in 24 hours. All experiments thus had the

same total time spent in each stage.
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3.4.4.3 Modification of Original Experimental Setup

There is no one lab exposure device that can control and cycle humidity, UV, solution fog
rate, temperature, pH and gas concentration. Therefore, a salt fog chamber was modified to
include UV lights and an inlet port for gases,?2 allowing for the combination of all ESFs
thought to affect scribe creep. Due to unforeseen circumstances, the lab space in which this
work was conducted was rendered unusable from October through December of 2013.
Additionally, the modified exposure chambers were made inoperable and had to be
replaced. Due to time constraints, new chambers could not be modified with UV lights and
gas inlets. It was decided that a modification to the remaining experiments and conditions
was necessary. Ozone and pH were removed from the remaining experiments. With the
removal of pH and ozone from the test matrix, the fractional factorial design changed from
seven variables to five variables. This new matrix is given in Table 3.8. Note that once
again, each variable “experiences” every other variable at both high and low levels. Variable

levels did not change from the values given in Table 3.5.
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Table 3.8 Revised test matrix for fractional factorial experiments in this study.

Run Temperature Mean %RH Cl- uv Cycling
FFA1 - + - + -
FFA2 - - + + -
FFA3 + + + - -
FFA4 + - - - +
FFAS - - + - +
FFA6 + + - + +

Table 3.9 Revised table of variable levels for fractional factorial experiments.

Mean Temperature Mean Cl-
(°C) %RH (g/cm?/day) | UV (W/m?) Cycling (# per day)
High 40 85 2.3x10* 0.28 4
Low 25 70 2.3x10°% 0.16 1

3.4.4.4 Diagnostic Tests

Two diagnostic tests were also performed on coated steel samples. The diagnostic tests
sought to examine whether scribe creep was controlled by corrosion reactions at the scribe
or a combination of reactions at both the head and the scribe, such as the oxygen reduction
reaction (ORR) through the coating ahead of the scribe creep front and cathodic
delamination. In the first, a coated and scribed steel sample was exposed in FFA6 for 3
days. It was removed, imaged with the optical microscope and stored in a desiccator
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overnight. The next morning it was coated with a 5 pm film Au-Pd film by sputter coating as
an oxygen permeation barrier over the intact coating and imaged again with the optical
microscope. The scribe itself was masked so that it was not coated enabling corrosion
reactions and corrosion product accumulation to proceed at the scribe. The sample was
then returned to the FFA exposure for 10 days. It was then removed and imaged a last time

with the optical microscope. This sample is referred to as the metal cover test.

The second diagnostic test was cathodic polarization to examine the rate of the ORR on
intact coated samples exposed in all FFA exposures. The coated samples were unscribed.
At 0, 10 and 15 days, the following test sequence was performed: 5 minute OCP, EIS,
cathodic polarization from -1.1 V to -0.3 V, 1 hour OCP, EIS, cathodic polarization from -1.1
Vto -0.3V, 24 hour OCP, EIS, cathodic polarization from -1.1 V to -0.3 V. The
electrochemical tests were performed in a flatcell in 50 mM sodium sulfate in ambient

aeration at room temperature.

3.5 Results

3.5.1 Mass Loss of Bare Steel

Mass loss versus time is reported in Figure 3.5 for FFA1 though FFA6. In all cases, mass loss
increases with time, but the rate of increase varies for different exposures. Mass loss is
roughly linear with time FFA1 and FFA2 showed the least amount of mass loss over time.
FFA3 and FFA5 show similar amounts of mass loss, while FFA4 and FFA6 show the greatest
amount of mass loss. FFA1 and FFA2 have low levels of temperature and cycling. FFA3 has

high temperature and low cycling while FFA5 has high cycling and low temperature. FFA4
182



and FFA6 both have high temperature and high cycling. These differences will be addressed

in the discussion section.
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Figure 3.5 Graph of mass loss versus time for bare 1018 steel exposed in various FFA
environments (Table 3.9). The error bars shown above the data are the standard error from
mass loss results for ASTM G-85 Annex 5.

3.5.2 Corrosion Product Analysis

3.5.2.1 X-Ray Diffraction

XRD was used to determine the identity of corrosion products that formed on bare samples
exposed in FFA1 though FFA6. The assumption is that this is also representative of
corrosion products at the scribe. Figure 3.6 shows the XRD spectra for all FFA experiments
compared with the standard powders. FFA1 shows BCC iron peaks at 44.7 and 65.1
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degrees. Other peaks may indicate possible iron oxide hydroxides (FeOOH). FFA2 and
FFA3 may show peaks for gamma phase iron oxide hydroxide (y-FeOOH). FFA4 and FFA6
appear to show peaks for both alpha and gamma phase iron oxide hydroxide. FFA5 is

difficult to interpret, but may show peaks for gamma phase iron oxide hydroxide.
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Figure 3.6 XRD spectra for standard powders and all FFA experiments. Vertical lines indicate
peaks for a-FeOOH (blue) and y-FeOOH (red).

3.5.2.2 Raman Spectroscopy of Corrosion Products on Bare Steel

Figure 3.7 shows the Raman spectra for standard powders. Figure 3.8 shows the spectra for

FFA1 indicating the detection of y-FeOOH. The spectra for FFA2 (Figure 3.9) show a-
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FeOOH, 3-FeOOH and Fe;03. FFA3 spectra are given in Figure 3.10 and indicate detection of
y-FeOOH, 3-FeOOH and an as yet unidentified species. Figure 3.11 shows the spectra for
FFA4 indicating the detection of y-FeOOH. Figure 3.12 shows that y-FeOOH and (3-FeOOH
were detected for FFAS. Figure 3.13 shows the spectra for FFA6 indicating the detection of
y-FeOOH. The y-FeOOH species was detected in every exposure except for FFA2. FFA2 was
also the only exposure in which Fe;03; was detected. 3-FeOOH was detected on samples
exposed in FFA2, FFA3 and FFAS5. Results are summarized in Table 3.10; the species

detected with Raman are marked with an R.
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Figure 3.7 Experimental Raman spectra for standard powders.
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Figure 3.8 Raman spectra for bare 1018 steel exposed in FFA1 for 15 days. “exp” indicates
experimental spectra from this study, “std” indicates standard powder spectra from this
study. Conditions: T(-), %RH(+), C1(-), UV(+), Cycling(-).
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Figure 3.9 Raman spectra for bare 1018 steel exposed in FFA2 for 15 days. “exp” indicates
experimental spectra from this study, “std” indicates standard powder spectra from this
study, “lit” indicates spectra from literature. Conditions: T(-), %RH(-), Cl1(+), UV(+), Cycling(-).
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Figure 3.10 Raman spectra for bare steel exposed in FFA3 for 15 days. “exp” indicates
experimental spectra from this study, “std” indicates standard powder spectra from this
study, “lit” indicates spectra from literature. Conditions: T(+), %oRH(+), Cl(+), UV(-), Cycling(-).
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Figure 3.11 Raman spectra bare steel exposed in FFA4 for 15 days. “exp” indicates
experimental spectra from this study, “std” indicates standard powder spectra from this
study. Conditions: T(+), %RH(-), CI(+), UV(-), Cycling(+).
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Figure 3.12 Raman spectra bare steel exposed in FFA5 for 15 days. “exp” indicates
experimental spectra from this study, “std” indicates standard powder spectra from this
study, “lit” indicates spectra from literature. T(-), %RH(-), C1(+), UV(-), Cycling(+).
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Figure 3.13 Raman spectra bare steel exposed in FFA6 for 15 days. “exp” indicates
experimental spectra from this study, “std” indicates standard powder spectra from this
study. Conditions: T(+), %RH(+), CI(-), UV(+), Cycling(+).
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Table 3.10 Table of iron oxide species found on bare steel with XRD and Raman spectroscopy
compared to KSC, ASTM B-117 and ASTM G-85 Annex 5. (X) indicates species found with XRD,
(R) indicates species found with Raman, and (-) indicates that the species was not detected.

Iron (1l
lg;o(lgl-) Iron (Ill) Oxide-|  Oxide-
E Iron (11,111) Iron (Il Hvdroxid Hydroxide Beta| Hydroxide
xposure oxide Fe,O, | oxide Fe,O, Al {1 r(I)Dxr: © Phase Gamma
ap-FanOall—'Ise B-FeOOH phase
y-FeOOH
FFA1 - - X R X,R
FFA2 - R R R X
FFA3 - - - R X,R
FFA4 - - - - X,R
FFA5 - - - R R
FFAG - - - - X,R
KSC' - - X R X,R
B-117° X - R - R
G-85A5° - - X,R - X,R

1. Kennedy Space Center
2.ASTM B-117
3. ASTM G-85 Annex 5
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3.5.3 Scribe Creep Behavior

Figure 3.14 shows the progression of scribe creep over time for FFA1. Scribe creep
progresses with many small lobes associated with underpaint corrosion that grow away
from the scribe. As these lobes grow outward (day 3 and 5) they also appear to sometimes
coalesce with one another along the length of the scribe creating a slightly more uniform
scribe creep front by day 10 and day 15. There is also damage to the intact coating away
from the scribe that appears as time progresses and is particularly noticeable by days 10

and 15.

Day 0 Day 1 Day 3 Day 5 Day 10 Day 15

Figure 3.14 Optical images of the progression of scribe creep for Eponol coated steel exposed
in FFA1 for 15 days. Conditions: T(-), %RH(+), CI(-), UV(+), Cycling(-).

Images of scribe creep for FFA2 are shown in Figure 3.15. The lobe shape of the scribe

creep front is relatively large and the lobes are fewer in number compared to FFA1. The
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scribe creep progresses relatively slowly. Noticeably less damage occurs away from the

scribe over time as time progresses compared to FFA1.

Day 0 Day 1 Day 3 Day 5 Day 10 Day 15

Figure 3.15 Optical images of the progression of scribe creep for Eponol coated steel exposed
in FFA2 for 15 days. Conditions: T(-), %RH(-), CI(+), UV(+), Cycling(-).

Figure 3.16 shows optical images of the scribe creep for FFA3. Scribe creep appears to
progress slowly through three days. At five days many large lobes of discoloration appear
along the scribe. Through days 10 and 15, scribe creep appears to mainly progress from the
lobes formed at day 5. The lobes appear to progress under the coating with minimal lifting
of the coating. Noticeably less damage occurs away from the scribe over time as time

progresses compared to FFA1.
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Day 0 Day 1 Day 3 Day 5 Day 10 Day 15

Figure 3.16 Optical images of the progression of scribe creep for Eponol coated steel exposed
in FFA3 for 15 days. Conditions: T(+), %RH(+), Cl(+), UV(-), Cycling(-).

Figure 3.17 shows the progression of scribe creep in FFA4. Scribe creep appears to
progress relatively quickly. The coating appears to be lifted at the scribe creep front, but in

a few places discoloration has spread under the coating with minimal lifting.
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Day 0 Day 1 Day 3 Day 5 Day 10 Day 15
Figure 3.17 Optical images of the progression of scribe creep for Eponol coated steel exposed

in FFA4 for 15 days. Conditions: T(+), %RH(-), CI(+), UV(-), Cycling(+).

Scribe creep progression for FFA5 is shown in Figure 3.18. Scribe creep progresses quickly
through days three and five. This progression appears to be mostly discoloration under the
coating with minimal lifting of the coating itself. Scribe creep does not appear to progress

quickly at day 10 and day 15.
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Day 0 Day 1 Day 3 Day 5 Day 10 Day 15

Figure 3.18 Optical images of the progression of scribe creep for Eponol coated steel exposed
in FFAS for 15 days. Conditions: T(-), %RH(-), CI(+), UV(-), Cycling(+).

For FFAG, scribe creep progresses quickly and fairly uniformly from the scribe (Figure
3.19). Some damage can be seen away from the scribe creep front by day 5 and increases

though days 10 and 15.
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Figure 3.19 Optical images of the progression of scribe creep for Eponol coated steel exposed
in FFA6 for 15 days. Conditions: T(+), %RH(+), CI(-), UV(+), Cycling(+).

Images of the Eponol coated sample that was covered with a film of Au-Pd are shown in
Figure 3.20 after exposure in FFA6. Day 3a is the sample before it was covered with an Au-
Pd film and Day 3b is after it was covered. The Au-Pd film was intended to provide a barrier
to oxygen ingress ahead of the scribe creep front. Only corrosion reactions and reactants
from the scribe can enable corrosion product formulation. The scribe was masked so that it
was not covered with the metal film. After 3 days of exposure to FFA6, scribe creep has
begun to move outward from the scribe. At day 10, scribe creep has continued outward

from the scribe.
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Day 0 Day 3a Day 3b Day 10

Figure 3.20 Images of Eponol coated 1018 steel. Sample was exposed for three days in FFA6
and then coated with gold-palladium over the polymer coating. Dotted lines mark where the
boundary where the Au-Pd film was deposited.

The visual images of the scribe allowed for scribe creep rate to be quantified and compared
across exposures. Multiple samples were run in FFA5 and FFAG6 for replication purposes.
These replicates are shown in Figure 3.21 and indicate the level of reproducibility for
replicate experiments. Figure 3.22 shows the scribe creep lengths for all samples exposed
in FFA tests. The multiple samples for FFA5 and FFA6 have been averaged to give one
general line for each exposure. Figure 3.22 shows that FFA1, FFA2, FFA3 and FFAS5 have
similar trends for scribe creep length. FFA4 and FFAG6 are noticeably different from the
other exposures, but are similar to each other. The metal cover test sample that was
exposed for 10 days in FFA6 has a similar scribe creep length to other samples exposed in

FFA6
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Figure 3.21 Graph of scribe creep for coated 1018 steel replicate samples exposed in FFA5
and FFA6. Error bars show standard error.
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Figure 3.22 Graph of average scribe creep length versus time for 1018 steel samples exposed
in FFA environments. The metal test was under FFA6 exposure conditions. Error bars show
standard error.

Higher level visual inspection was also done by taking 3D optical images of the scribe at
specific locations, extracting the profile data and observing the change over time. Figure
3.23 and 3.21 show the 3D images and line profiles for FFA1. It can be seen from visual
inspection that corrosion product fills in the scribe and moves outward from the scribe,
wedging underneath the coating. Figure 3.25 and 3.26 show 3D images and line profiles for
FFA2. FFA2 behaves similarly to FFA1 with corrosion product filling up the scribe and
wedging underneath the coating. 3D images and line profiles for FFA3 are shown in Figure
3.27 and 3.28. For FFA3, the scribe does not fill with corrosion product until day ten and
discoloration can be seen spreading under the coating in the 3D images. Figure 3.29 and
Figure 3.30 show the 3D images and line profiles for FFA4. The scribe fills quickly with
corrosion product and wedges underneath the coating. For FFA5, Figure 3.31 and 3.32
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show the 3D images and line profiles. The scribe fills with corrosion product and wedging
occurs slowly underneath the coating. Figure 3.33 and 3.34 show the 3D images and line
profiles for FFA6. The scribe quickly fills with corrosion product and pushes out

underneath the coating.

Day 0

Day 1

Day 3

Day 5

Figure 3.23 3D images of the scribe on epoxy resin coated 1018 steel exposed in FFA1 for 15
weeks. The units of the images are micrometers.
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Figure 3.24 Selected line profiles for Eponol coated steel exposed at FFA1 Vertical offset for
data from each day reported is 20 pum. Dashed lines indicate original scribe location.

200



Day 0

Day 1

Day 3

Day 5

Figure 3.25 3D images of the scribe on epoxy resin coated 1018 steel exposed in FFA2 for 15
weeks. The units of the images are micrometers.
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Figure 3.26 Selected line profiles for Eponol coated steel exposed at FFA2 Vertical offset for
data from each day reported is 30 pm. Dashed lines indicate original scribe location.
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Figure 3.27 3D images of the scribe on epoxy resin coated 1018 steel exposed in FFA3 for 15
weeks. The units of the images are micrometers.
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Figure 3.28 Selected line profiles for Eponol coated steel exposed at FFA3 Vertical offset for
data from each day reported is 20 um. Dashed lines indicate original scribe location.
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Figure 3.29 3D images of the scribe on epoxy resin coated 1018 steel exposed in FFA4 for 15
weeks. The units of the images are micrometers.
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Figure 3.30 Selected line profiles for Eponol coated steel exposed at FFA4 Vertical offset for
data from each day reported is 25 pm. Dashed lines indicate original scribe location.
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Figure 3.31 3D images of the scribe on epoxy resin coated 1018 steel exposed in FFAS for 15
weeks. The units of the images are micrometers.
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Figure 3.32 Selected line profiles for Eponol coated steel exposed at FFA5 Vertical offset for
data from each day reported is 20 um. Dashed lines indicate original scribe location.
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Figure 3.33 3D images of the scribe on epoxy resin coated 1018 steel exposed in FFA6 for 15
weeks. The units of the images are micrometers.
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Figure 3.34 Selected line profiles for Eponol coated steel exposed at FFA6 Vertical offset for
data from each day reported is 20 um. Dashed lines indicate original scribe location.

3.5.4 Coating Analysis

3.5.4.1 Electrochemical Impedance Spectroscopy

As discussed in Chapter 2, it is well known that EIS can be used to characterize the sum of
the Ohmic (solution) resistance(Rs), the coating resistance (Reoat), and the polarization
resistance (R,) for typical organic coated specimens.23-26 The complex impedance (|Z]) is
taken at 0.01 Hz for a typical coating with an interrogation area of 1 cm2. Therefore Zo o1 can
be used to monitor the coating resistance during exposure and provides a measure of Reoat +
Rp + Rs. The EIS data in the bode format can be seen in Figure 3.35 to Figure 3.40. The data
have been normalized for all exposures. Graphs showing replicates from FFA5 and FFA6

are shown in Figure 3.41. These results show reasonable replication at short and long times
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(1 day and 15 days). At intermediate times (5 days and 10 days), the results show scatter.
Normalized EIS data for the near location are shown in Figure 3.42 and far location in
Figure 3.43. Again, the results show good reproducibility at short and long times, but at
intermediate times there is relatively greater scatter. The interpretation of the scatter is
that coating breakdown with a large drop in Zo.01 cannot occur at the same exact time and
location in each replicate exposure. thus the scatter increases in these intermediate times.
Coating properties near to the scribe decrease quickly for all exposures except FFA3 (Figure
3.42 and 3.44). Coating properties near to the scribe decrease most quickly for FFA4 and
FFAG6 (Figure 3.42 and 3.44). Far from the scribe, the coating properties decrease most

quickly for FFA1, FFA2 and FFA®6, but less quickly for FFA3, FFA4 and FFAS.
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Figure 3.35 Raw EIS data from samples exposed in FFA1. Data were taken from the near
location (left) and far location (right).
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Figure 3.36 Raw EIS data from samples exposed in FFA2. Data were taken from the near
location (left) and far location (right).
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Figure 3.37 Raw EIS data from samples exposed in FFA3. Data were taken from the near
location (left) and far location (right).
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Figure 3.38 Raw EIS data from samples exposed in FFA4. Data were taken from the near
location (left) and far location (right).
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Figure 3.39 Raw EIS data from samples exposed in FFA5. Data were taken from the near
location (left) and far location (right).
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Figure 3.41 Normalized EIS data from samples exposed in FFA5 and FFA6. Data were taken
from the near location (top) and far location (bottom).
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Figure 3.42 Normalized low frequency impedance values over time for Eponol coated steel
samples exposed in FFAs. EIS readings taken at near location. Normalization was
|Zo.01|(day)/|Zo.o1| (initial) for all days of the test. The error bars below the graph shows the
error bars for four identical samples exposed to ASTM B-117 at each time indicated.
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Figure 3.43 Normalized low frequency impedance values over time for Eponol coated steel
samples exposed in FFAs. EIS readings taken at far location. Normalization was
|Zo.01|(day)/|Zo.o1| (initial) for all days of the test. The error bars below the graph shows the
error bars for four identical samples exposed to ASTM B-117 for each time indicated.

3.5.4.2 Fourier Transform Infrared Spectroscopy

FTIR was performed on 30 pm thick Eponol coatings on polypropylene substrates exposed
to the FFAs (Figure 3.44 and 3.45). The polypropylene substrate on which the Eponol
coating is cast is inert, and thus has no effect on the degradation of the coating. This isolates
the effects of the environment from the effects of underpaint corrosion on degradation of
the coating. Degradation of the coating was observed by comparing the results of an
unexposed coating to exposed coatings. Figure 3.44 shows the full spectra for each FFA
exposure. Figure 3.45 shows a section of the spectrum to show the differences between the
exposures. The decrease in intensity of the 2963 and 2920 cm-! peaks show degradation of
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CH, CHz, and CH3z bonds in the coating.27-31 The appearance and increase of a peak at 1717
cm-!is caused by the formation of carbonyls and aldehydes which are products of
degradation of the aliphatic carbon bonds in the coating.27-31 The broadening of the peak at
3362 cm-! and the appearance of a shoulder at 1609 cm-! indicate an increase in OH bonds
due to an increase in water molecules in the coating.27-31 Figure 3.45 shows an increase in

the 1717 cm-! peak for FFA1, FFA2 and FFA6 compared to FFA3, FFA4 and FFAS5.
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Figure 3.44 FTIR spectra of Eponol films exposed FFAs.
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Figure 3.45 FTIR spectra of Eponol films exposed in FFAs. The graph has been rescaled to
show the changes at the 1717 cm! peak.

3.5.4.3 Cathodic Polarization

Cathodic polarization results for Eponol coated steel exposed in all FFA exposures are given
in Figure 3.46. The rate of ORR on steel under the coating is assessed. As the coating
properties, as measured with EIS at Zo1, decrease, the cathodic current density associated
with the ORR increases. This is a measure of the ability of the ORR to occur beneath the
partially degraded coating. The low frequency impedance (Zo.01) drops and cathodic current
increases more quickly for FFA1, FFA2 and FFA6 (which have high UV) than for the other

exposures.
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Figure 3.46 Graph of low frequency impedance (Zo.01) and cathodic current density measured
at-0.8 V vs. SCE over time for all FFA exposures.

3.6 Discussion
3.6.1 Corrosion Product Analysis

y-FeOOH was detected for all exposures (Table 3.10). This would be expected because y-
FeOOH is commonly seen in atmospheric exposures of steel and in LALTs that include
cycling.323¢ 3-FeOOH was detected for FFA1, 2, 3 and 5 exposures (Table 3.10). As shown
in Table 3.10, B-FeOOH was only detected on samples exposed at KSC and not in any of the
standard LALTs. -FeOOH is usually found on steel in marine atmospheric environments.32
33 [t is unclear at this time why (-FeOOH was detected on every FFA environment except
for FFA4 and FFA6 which have the highest levels of temperature and cycling. Additionally,
y-FeOOH was the only species detected on FFA4 and FFA6. Again, the reasons behind this
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are not clear at this time. FFA2 was the only exposure where Fe;03; was detected. FFA2 is

also the most benign of the FFA environments, with low temperature, cycling, and %RH.

It should be noted that due to the limitations of XRD (cannot detect amorphous corrosion
products) and Raman (penetration depth of roughly 400 nm) discussed at the beginning of
this section, there could be corrosion products that were not detected. The table of
corrosion products found in Table 3.10 is by no means meant to be an exhaustive list of all

corrosion products that might have formed.

3.6.2 Correlation of Mass Loss and Scribe Creep

The measurement of mass loss rates is a well-established practice for determining the
severity of environments for atmospheric corrosion.!. 35 However, the measurement of the
rate of scribe creep of organic coated steel has not been used similarly. In order to
understand the relationship between scribe creep rates and environmental severity, the
data for each were plotted. A positive correlation and similar rank order between mass loss
and scribe creep after a given time were found for all FFA exposures (Figure 3.49 and Figure
3.50). Experimental conditions that caused the most mass loss also caused the most scribe
creep on steel (Figure 3.49). These findings are consistent with the scribe creep and mass
loss correlation found for the LALTs and field sites studied in Chapter 2 (Figure 2.57).
Exposures that had low levels of temperature and cycling also showed the lowest mass loss
(Figure 3.49). Exposures with either high levels of temperature or cycling (but not both)
showed more mass loss than did exposures with low temperature and low cycling (Figure

3.49). Exposures with high levels of temperature and cycling also had the highest mass loss
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values (Figure 3.49). This is consistent with previous work that shows that temperature
and cycling are both factors that drive mass loss of bare steel.1.2.36-39 The positive
correlation between scribe creep and mass loss is understood from the effects of
temperature and cycling. Temperature increases the rate of corrosion reactions and also
increases the corrosivity of other ESFs (see Section 1.4.1 for a detailed discussion on the

effects of temperature on corrosion of steel).36 40

Corrosion rates of bare steel have been shown to increase during drying.38 Stratmann et al
showed that the corrosion is temporarily increased significantly, sometimes as much as an
order of magnitude until the surface dries, when iron with 1 g/m2 of SO on the surface
dries as the %RH drops from 95% to 40% (Figure 3.47).38 Additionally, the equilibrium
concentration of NaCl in droplets is known to increase as relative humidity decreases
(Figure 3.48).41 This concentrates the NaCl solution and increases the corrosion rate of
iron.1.3 An increase in wet/dry cycles would therefore lead to an increase in mass loss of
bare steel. Another important effect is that of cycling on the oxide. Cycling has been found
to reduce the adhesion increase delamination of polymer coatings on mild steel.42 The
corrosion product precipitates during the dry cycle, resulting voluminous corrosion product
at the scribe creep front (Table 3.11).42 This corrosion product wedge exerts a mechanical
stress on the coating increasing the delamination at the scribe creep front (see Section 1.4.7
for a more detailed discussion on the effects of wet/dry cycling on the corrosion of bare and

coated steel).42.43
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Figure 3.47 Plot of corrosion rate and corrosion potential over time for iron with 1 g/m? of
SO; on the surface as the relative humidity drops from 95% to 40%. The solid line shows the
corrosion rate and the dashed line shows the corrosion potential.38
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Figure 3.48 Thermodynamic equilibrium concentration of various saltwater solutions
relative to the relative humidity in equilibrium at 25 °C. Calculated by OLI.41
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From Figure 3.49 and Figure 3.50 it can be seen that the ratio of scribe creep to mass loss is
larger for FFA4 and FFA6 than for the other exposures. The values of the ratios are given in
FFA4 and FFA6 show much higher ratios than do the other exposures. FFA4 and FFA6 are
also the only exposures to have high levels of both temperature and cycling. Scribe creep
length increases to a greater extent for FFA4 and FFA6 compared to the other exposures.
With regards to mass loss, it would appear an increase in temperature or cycling produces a
specific increase in mass loss (Figure 3.5). If both temperature and cycling are increased,
the overall increase in mass loss appears to be an addition of the specific increase caused
singly by temperature and cycling alone. For scribe creep, the same reasoning appears to
hold until both temperature and cycling are increased. When both increase, the increase in
scribe creep length appears to be greater than just the sum of the specific increases caused

by temperature and cycling (Figure 3.22).
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Table 3.11 Calculated Piling-Bedworth ratios for iron oxides. The PB ratio is the ratio of the
molar volume of the oxide to the molar volume of the metal.

Oxide Piling-Bedworth Ratio
Hematite (Fe203) 2.1
Magnetite (Fez04) 2.14

Goethite (a-FeOOH) 3.3
Akaganeite (-FeOOH) 3.53
Lepidcrocite (y-FeOOH) 3.25

3.6.3 Scribe Creep Behavior of Coated Steel

Inspection of the visual images of scribe creep for all FFA exposures (Figure 3.14 through
3.19) shows that scribe creep appears to progress in a similar manner. The scribe creep
front appears filiform-like, but lobes of scribe creep are bigger than would be seen in true
filiform corrosion.2 44 The lobes grow perpendicularly from the scribe, but also spread
parallel to the scribe and join creating a broad scribe creep front. The lobes appear largest
for FFA3, 4, 5 and 6 (Figure 3.14 - 3.19). Line profile data and 3D images for all exposures
show that corrosion product fills the scribe and then begins to wedge underneath the scribe
(Figure 3.23 - 3.34). Figure 3.22 shows scribe creep lengths over time for all exposures. It
can be seen that FFA4 and FFA6 have distinctly greater scribe creep compared with the
other exposures. Again, FFA4 and FFA6 are the only exposures with high levels of both

cycling and temperature.

3.6.4 Coating Degradation

From EIS data for FFA exposures from the near location (Figure 3.42), it can be seen that

coating properties sensed by EIS degrade quickly for all exposures except for FFA3. FFA4
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and FFA5, which experience the fastest rate of increase of scribe creep length, show the
fastest degradation of coating properties sensed by EIS near to the scribe. It appears that
the degradation of coating properties near to the scribe is related, at least in part, to rate at
which scribe creep length increases over time. The coating barrier properties sensed by EIS
are affected. It is not understood at this time why FFA3 would behave differently from the

other exposures.

EIS data from the far location (Figure 3.43) shows that coating properties degrade most
quickly for FFA1, FFA2 and FFA6. UV is at high level for all of these exposure experiments
and not for any of the others. The coating properties sensed by EIS do decrease for samples
exposed with low UV (FFA3, FFA4, and FFA5), but not as quickly as those exposed to high
UV. FTIR results also show more damage to the polymer film in exposures with higher UV
levels (Figure 3.45). It appears that the rate of decrease of coating properties far from the
scribe is dependent on the amount of UV radiation exposure of the sample, with higher UV

causing a faster decrease in coating properties.

FTIR results (Figure 3.44 and 3.45) show that the exposures with higher UV (FFA1, FFA2,
and FFA6) show more coating damage as detected with FTIR. The difference between high
and low levels of UV irradiation does not create large differences in the damage as detected
with FTIR when compared with the ASTM G-85 Annex 5+UV and KSC field site discussed in
Chapter 2 (Figure 2.54 and 2.55). However, the UV damage induced drop in Zoo1 at

positions far from the scribe does not govern scribe creep.
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3.6.5 Anodic Wedging vs. Cathodic Delamination as a Main Factor in Scribe

Creep

Section 2.6.6 in Chapter 2 discussed the roles that anodic and cathodic corrosion
mechanisms may play in scribe creep of polymer coated steel samples exposed to standard
LALTSs and field sites. It was hypothesized that scribe creep in exposures with no cycling
such as ASTM B-117 and full immersion was driven more by cathodic reactions while
exposures with cycling such as the ASTM G-85 Annex 5 (12 wet/dry cycles per day) were
driven more by anodic reactions. Work by Frankel et al. also showed that wet/dry cycling
increased de-adhesion of a polymer coating on steel due to lifting of the coating caused by
oxide wedging.#2 Images and line profiles of FFA3 (Figure 3.16 and 3.28) show that scribe
creep proceeds underneath the coating with comparatively little physical lifting of the
coating. FFA3 is the most similar to ASTM B-117 of any of the FFAs in terms ESF levels.
Images and line profiles for FFA4 (Figure 3.17 and Figure 3.30) and FFA6 (Figure 3.19 and
3.34) show lifting of the coating up to the scribe creep front. FFA4 and FFA6 have high
levels of temperature and cycling. FFA4 and FFAG6 also have the greatest scribe creep length
which supports the idea of anodic wedging playing a greater role in scribe creep as cycling

increases.

The metal cover test samples showed no retardation effect on scribe creep of having a metal
film put over the top of the polymer coating (Figure 3.20). The metal film would have
reduced, if not stopped, oxygen diffusion through the polymer coating ahead of the scribe
creep front as a result of the metal overlayer. Oxygen diffusion through the coating is an

important part of cathodic delamination and scribe creep driven by cathodic delamination
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ahead of the scribe creep front,2 3 yet the reduction of oxygen diffusion at that site did not

reduce the scribe creep length (Figure 3.22).

Cathodic polarization tests of Eponol coated samples with an intact coating showed that
when the coating properties, as measured with EIS, remained high, the cathodic current was
low (Figure 3.46). This would suggest that the intact coating is a good barrier and does not
support cathodic reactions occurring on the metal surface below the coating at positions
ahead of the scribe creep front. However, as the coating properties degrade, the coating is a
less effective barrier allowing cathodic reactions to be supported on the metal surface
beneath the coating (Figure 3.46). Therefore, evidence for scribe creep dominated by
cathodic delamination is not strong. Even assuming that scribe creep is entirely controlled
by the local coupled cathodic delamination at the scribe creep front, it would appear that
oxide wedging brought about by cycling “assists” the cathodic delamination by underpaint

corrosion and physical lifting of the coating.

3.6.6 The Need for Statistical Analysis

Analysis of the samples exposed in the various FFA environments has shown distinct
differences between FFA4 and FFA6 compared with the other environments. The scribe
creep lengths at 15 days for FFA1, FFAZ, FFA3 and FFAS are similar. However, this does not
hold true for FFA4 and FFA6 which show higher scribe creep lengths at day 15. Statistical
analysis of the FFA data is needed to better understand the effects of the ESFs on the scribe
creep of this coated steel system. Constructing an empirical statistical model of scribe creep

and mass loss that can accurately reproduce the mass loss and scribe creep lengths for FFA
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exposures would give valuable insight into the effects of ESFs on the coated steel system.
Specifically, such a model could show the relative strength of each ESF on mass loss and
scribe creep, as well as indicate and interactions between ESFs. This need and issue is

addressed in Chapter 4.

3.7 Conclusions

It was shown that, in general, FFA exposures created similar corrosion products to those
seen in the field (KSC) and in cyclic LALTs (ASTM G-85 A5). Additionally, line profiles for all
exposures showed that corrosion products filled the scribe and wedged outward

underneath the coating as exposure time increased.

Scribe creep and mass loss were found to have a positive correlation in custom LALTSs that
was similar to what was seen in Chapter 2 during comparison of standard LALT to field.
Temperature and cycling increased scribe creep and mass loss. The effects of ESFs on mass
loss are fairly straightforward, but the effects of ESFs on scribe creep are more complex.
The scribe creep lengths at 15 days for all exposures with low temperature and low cycling
or high temperature or high cycling, but not both, were similar. The scribe creep lengths at
15 days for exposures with both high temperature and high cycling were much higher. This
was rationalized though the effects of temperature and cycling on steel corrosion rat,
corrosion product accumulation, and, in turn, scribe creep. An essential part of this
argument was evidence that supports a strong role for corrosion product wedging in scribe

creep.
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Characterization of the coating showed that the rate of decrease in coating barrier

properties depended on the exposure of the sample to UV radiation. Coating barrier

properties decreased more quickly for samples exposed to higher levels of UV radiation.

This was supported by FTIR results. However, UV was not found to be a governing factor in

scribe creep at intentional defects.
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4 Chapter 4-Construction of an Empirical Scribe Creep
Model as a Function of ESFs for Eponol Coated 1018
Steel

4.1 Summary of Chapter 4

In Chapter 3, Fractional Factorial Design of Experiment was employed to create an
experimental matrix to examine the impact and relative importance of selected ESFs to
mass loss and scribe creep of coated 1018 steel. From these experiments, temperature and
cycling were identified as important ESFs that increase both mass loss and scribe creep. In
this chapter, the data generated from the experiments run in Chapter 3 were analyzed so
that empirical models for mass loss and scribe creep could be constructed. The scribe creep
model is the first of its kind to relate ESFs to scribe creep on a painted and scribed surface.
The models demonstrate the relative importance of individual and combined ESFs to mass

loss and scribe creep, and also highlight possible second order interactions between ESFs.

The model constructed for mass loss showed very good agreement with experimental
results not only for FFA exposures, but when compared to results for ASTM G-85 Annex 5
and KSC as well. Temperature was found to have the strongest effect on mass loss, followed
by cycling, relative humidity, and chloride. UV was found to not have a statically significant
effect on mass loss of bare steel. The model constructed for scribe creep also showed good
agreement with experiment, but only for FFA1, 2, 3 and 5. In these FFAs, cycling was found
to have the greatest effect followed by temperature. Other ESFs were found to have a lesser
impact on the rate of scribe creep. Relative humidity had a much smaller effect than

temperature or cycling. UV was also shown to have a negligible effect. Additionally, chloride
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was shown to have no significantly different impacts on the rate of scribe creep when tested

at either high or low levels.

The mass loss and scribe creep models constructed from the FFA data possess strong
fidelity between predicted and observed results for most FFA exposures, as well as for
scribe creep results from ASTM G-85 Annex 5 and KSC. However, FFA4 and FFA6 could not
be modeled accurately. This is most likely due to an interaction between temperature and
cycling that is only manifested when both ESFs are at the high levels established in the FFA
experimental design. Additional investigation is needed to determine the existence and

character of this possible second order interaction.

4.2 Background
4.2.1 The Need for a Scribe Creep Model

A number of expressions have been constructed to relate mass loss of bare steel to ESFs
(Equation 1.1).15 Measurements of the ESFs in field environments, such as those listed
previously in Chapter 1, have been used to develop dose/response equations for mass loss
for various uncoated metals.5 In these equations, mass loss has been used as a measure of
severity of corrosive attack in the environment. One example for unsheltered weathering
steel is given in Equation 4.1: where ML is mass loss in g/m?, tis time in years, [SO;] is the
concentration of gas in pg/ms3, RH is % relative humidity and T is temperature in degrees

Celsius.5
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In(ML) = 3.54 + 0.331In(¢) + 0.13In[SO,] + 0.020RH — 0.036 (T — 10) 4.1

Table 1.3 in Chapter 2 lists many other empirical equations used to model mass loss in
many different environments. Such equations are useful in predicting corrosion rates for

various exposure locations.

Models have also been constructed for scribe creep on ironé and aluminum.” One model for
aluminum is based on anodic and cathodic potentials and currents.8 It is a galvanic model of
the reactions between the anodic region at the head of the filiform corrosion and the
cathodic region at the tail.8 A time dependence of tn, where t < 1, is shown to arise because
the Ohmic resistance between the head and the tail grows with time.8 A model for iron
showed a parabolic rate of delamination (t/2) that the authors attributed to underfilm
cation migration control.6 The actual model had time as the only input and included a
delamination rate constant term.6 A theoretical computer model for the delamination of
polymer coatings on zinc in full immersion conditions simulated the porosity of the coating
from the intact region through the scribe creep front, to the delaminated region.® Other
models for cathodic delamination of organic coatings have factors such as voltage and
temperature, ion production rate, and applied and critical strain rates on the coating itself.%-
11 However, these models do not take into account key environmental factors such as
wet/dry cycling, relative humidity or UV exposure. The author knows of no model to date
that can relate ESFs to scribe creep on a painted and scribed surface. A model that could

estimate scribe creep rate based on ESFs would be of great use to the corrosion community.
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An empirical model for scribe creep could be useful in many ways. First, as shown in
Chapter 2, ESFs have predictable and understood effects on the corrosion of bare steel. A
model that could accurately predict scribe creep based on ESFs would give better insight
into how the ESFs affect the coating/substrate system both singly and in combinations.
Second, a model would give insight into the relative impact of ESFs on scribe creep and
could indicate potential interactions between ESFs. Third, knowing how ESFs found in the
field drive the degradation of the coating and substrate would aid in the construction of
new, more accurate, LALTs that mimic field behavior to produce accelerated scribe creep
and similar corrosion products. Lastly, a model of scribe creep for the epoxy resin coated
steel system used in this study could serve as a stepping stone for creating models for real-
world systems using commercial coating systems, pretreatments, and substrates. The

construction of empirical models is often accomplished through statistical analysis.

4.2.2 Theory of Linear Regression

One of the most straight forward methods of creating a statistical model is linear regression.
Linearity in this case has nothing to do with the straightness of the line that may be
produced by the model; instead it refers to the parameters.12 A model is linear if the
parameters can be written in the form seen in Equation 4.2.12 In this case, y is the response
variable and x, are the input variables.12 The model does not need to be a straight line, as x,

can be raised to a power (x3 for example).12

y=a+b1x1+b2x2+---+bnxn 4.2
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4.2.2.1 Assumptions of Linear Regression

There are several assumptions of linear regression that must be met for the model to be
valid. First, the model must behave linearly.!3 This means that, as stated above, the model
must be a linear combination of variables, i.e., y can be predicted by a series of input
variables that are summed together. In general, any model equation that can be written in
the form given in Equation 4.2 is considered linear.12 Linearity can be tested using a plot of
residual error, the difference between the observed and predicted value of y, versus
predicted values of y.12.13 The residual error, often called residuals, should be
symmetrically distributed around 0.12.13 A bowed or other non-symmetric pattern indicates
that the data are nonlinearly related. Figure 4.1 shows two example graphs of linear and

nonlinearly related data.
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Figure 4.1 Example graphs of residual error versus predicted values to test for linearity. The
left graph shows data that is linear. The right graph shows data that has a nonlinear
relationship.
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The second assumption is that the error of the response variable is independent.12 13 This
means that the value of the error of y, is not dependent on the value of the error of y,.1.12.13
In other words, the error of one observation of y should not depend on the error of a
previous observation of y. To test for independence of the errors, an autocorrelation plot is
used.12 The autocorrelation plot shows the degree to which each residual correlates with
the residual before it (the first value has nothing before it to be correlated to so it is
correlated with itself. Therefore the first value is always 1). If the error of the response
variable is independent, then correlation values should fall within 95% confidence intervals
shown in the plots. The time between observations is known as the lag and is the x axis for
autocorrelation plots. In other words, lag=1 is the correlation between observations that
are one time period apart (e.g. observation 1 and 2, observation 2 and 3, etc.). Lag 2 is
observations that are two time periods apart, (observation 1 and 3, observation 2 and 4,
etc.) and so on. Lag is the number of time periods between the variables that are being
analyzed for correlation. Figure 4.2 shows example autocorrelation plots. The top plot

shows correlated data while the bottom plot shows uncorrelated data.
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Figure 4.2 Example autocorrelation plots. The top plot shows correlated data while the
bottom plot shows uncorrelated data.

The third assumption is homoscedasticity, meaning that the variance of the predicted
variable does not change as the predicting variables change.12 13 In other words, the

variance does not change along the regression line on the model. This can be tested by
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again looking at the plot of residuals versus predicted values of y.12.13 Figure 4.3 shows
example plots of residuals versus predicted values of y. The left plot shows homoscedastic

data while the right shows heteroscedastic data.
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Figure 4.3 Example graphs of residuals vs. predicted values of y. The left graph shows
homoscedastic data and the right graph shows heteroscedastic data.

The last assumption is that the residual error is normally distributed.1 3 This assumption
can be tested with a normal probability plot of the residuals.!2 13 A normal probability plot
of the residuals plots the residuals versus the observed cumulative frequency.12 13 In other
words, the residuals are plotted against the expected values if the distribution were normal.
If the residuals are normal, then the plot will be a straight line. Figure 4.4 shows examples
of two normal probability plots. The top plot shows non-normal data while the bottom

shows normal data.
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Figure 4.4 Example normal probability plots. The top plot shows non-normal data while the
bottom shows normal data.
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4.2.2.2 Transformations

If any of the assumptions of linear regression are violated, there are ways to transform the
data so it can still be useful. For example, a conversion of length measurements from
English units to metric would be a linear conversion. This transformation does not change
the fundamental information in the data, but may make it easier to use. Other transforms
include taking the log of y (dependent variable) or raising y to a power.12-14 However, the
possible transformations that could be applied are infinite. Box and Cox developed a
procedure to identify the most appropriate power to transform the data in order to make it
normal.l* A complete analysis of the mathematics involved is beyond the scope of this
work, but a complete description can be found in the 1964 paper by Box and Cox.14 The
Box-Cox analysis determines the exponent of the transformation (A for y*) ) by performing
transformations across a range of values for A and determining which value has the smallest
standard deviation. The range of values for A is technically infinite, but in practice, the
values for lambda fall between 3 and -3 (a value of 0 indicates that the natural log of y is the
proper transform, while A # 0 — y*is the proper transform).1# This is called a Box-Cox
power transformation, and graphical example of such an analysis can be found in Figure 4.5.
The x axis is the value for A while the y axis is the log of the likelihood that the
transformation will properly normalize the data. The dashed line across the top of the chart
shows the region in which one can be 95% confident that the transformation will properly
normalize the data. Of the three vertical dashed lines, the middle gives the predicted value
of the exponent and left and right lines give the 95% confidence intervals on the predicted
value. For this example the estimated value for A is 0.34 with the edges of the confidence

intervals atA=0.23 and A = 0.45.
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Figure 4.5 Box-Cox log likelihood plot for determining the exponent of a power
transformation. A is the value of the exponent for the transformation (y*). The estimated
value of A is 0.23-0.45.

A Box-Cox power transformation can only be used with data that is positive and greater
than 0.1 Additionally, the analysis assumes normality, so a test for normality, like the
normal probability plot in Figure 4.4, should be conducted on the transformed data. Lastly,
when data is transformed, any analysis should be done within that transform, and only after

analysis should the data be transformed back to its original state.12 14

43 OQObjective

The objective is to construct an empirical statistical model of scribe creep on Eponol coated
1018 steel that accepts ESF levels as inputs using the methods of statistical analysis

described.
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4.4 Experimental Methods

The data used to build the model came from the fractional factorial design of experiment
performed in Chapter 3. The model outputs a predicted scribe creep length versus time as a
function of five variables: temperature, UV intensity, chloride ion impingement rate, cycling
and mean %RH. Linear regression and other statistical analyses were performed using R
Statistical Software.!> Candidate models were tested to confirm that the assumptions of
linear regression were met. Models that did meet the assumptions were graphed against

the observed data. Visual inspection and R2 values were used to determine goodness of fit.

45 Results

45.1 Mass Loss Model Results

Mass loss data were analyzed and a model constructed. The model is given in 4.3 where ML
is the mass loss in g/cm?, T is temperature in Celsius, cycling is number of cycles per day,
RH is percent relative humidity, Cl is the chloride impingement rate in g/cm?/day, and tis
time in days. The R2 value for this model is 0.94. UV proved to not be statistically
significant and is not included. The original data needed to be transformed as shown by the
Box-Cox plot shown in Figure 4.6. The transform found to be appropriate was square root
of mass loss (A=0.5). The transformed data met the assumptions of linear regression.
Figure 4.7 shows a plot of standardized residuals versus predicted values for transformed
mass loss data that indicates the transformed data is linear and homoscedastic. Figure 4.8

shows an autocorrelation plot of the transformed FFA mass loss data that indicates that the
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data is independent. Figure 4.9 shows a normal probability plot of the transformed FFA

mass loss data that indicates that the errors are normally distributed.

1
MLY% = 0.002T + 0.0057(cycling) — 4 =« 10~*(RH) + 1.13(CI) + 0.058t2 — 0.0641 4.3

log-Likelihood
-80 -60 =40 -20

-100

-120

-140

Figure 4.6 Box-Cox plot of FFA mass loss data showing the proper transform for the data is
between A = 0.37 and A = 0.71. A is the value of the exponent for the transformation (y?).
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Figure 4.7 Plot of standardized residuals versus fitted values (values predicted by Equation
4.3, or ML1/2) for transformed FFA mass loss data showing that the data is linear and
homoscedastic.
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Figure 4.8 Autocorrelation plot of transformed FFA mass loss data showing that the data is
independent. The x axis shows the lag, or time periods between the values that are being
analyzed for correlation
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Figure 4.9 Normal probability plot for transformed FFA mass loss data showing that the
errors are normal. The x axis is the theoretical values of the residuals if they are normal and
the y axis is the actual values of the residuals.

The graphical representation of Equation 4.3 shows the predicted values of the model and
the observed experimental results (Figure 4.10). Each exposure condition is graphed
against the model using the same exposure parameters as the exposure condition it is
graphed against (e.g., the ESF parameters for FFA1 are input into the model and the output
is graphed against the experimental values for FFA1. See Table 3.9 for the experimental
values). It can be seen by visual inspection of Figure 4.10 that the rank order of mass loss
for the model matches the rank order of the experimental results except for FFA6 which the
model ordered below FFA4. At day 15, the model predicts slightly higher values for FFA1
and FFA2 than the observed values, and slightly lower values for FFA4, FFAS and FFA6 than

observed. For FFA3, the model and observed values agree. It can be seen from Equation 4.3
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that RH has a slight negative effect on the mass loss, while the other ESFs have a positive

effect.
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Figure 4.10 Graph of mass loss predicted by Equation 4.3 for bare 1018 steel compared with
experimental results for 1018 steel in FFA exposures. The error bars shown above the data
are from mass loss results for ASTM G-85 Annex 5.

The relative strength of each ESF has been shown visually in Figure 4.11 through Figure
4.14. For each figure the model baseline was calculated by choosing the mean values of
each of the ESFs (Table 4.1), then each ESF was adjusted individually to its high and low
values in the FFA test matrix to determine the sensitivity of mass loss to each individual
ESF. These figures show that temperature had the largest effect on mass loss, followed by

cycling, relative humidity and chloride.
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Table 4.1 ESF levels for the model baseline. Baseline values are the mean values of the high
and low levels.

Temperature (°C) %RH Cl (g/cm?/day) Cycling (# per day)
Baseline 32.5 77.5 1.04x104 2
High 40 85 2.3x104 4
Low 25 70 2.3x105 1
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Figure 4.11 Graph showing the sensitivity of the model of mass loss of bare steel to
temperature. High temperature is 40°C and low is 25°C. All other ESFs are at baseline values.
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Figure 4.12 Graph showing the sensitivity of mass loss of bare steel to cycling. High cycling
level is 4 wet/dry cycles per day and low is 1 cycle per day. All other ESFs are at baseline
values.
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Figure 4.13 Graph showing the sensitivity of mass loss of bare steel to relative humidity. High
relative humidity is 85% and low is 70%. All other ESFs are at baseline values.
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Figure 4.14 Graph showing the sensitivity of mass loss of bare steel to chloride. High chloride
level is 2.3x10-* g/cm?/day and the low level is 2.3x10-* g/cm?2/day. All other ESFs are at
baseline values.

The mass loss model was also compared to experimental mass loss results for ASTM G-85
Annex 5 with and without UV and for mass loss results from KSC (Figure 4.15). The model
prediction of mass loss over time shows good agreement with observed values for ASTM G-
85 Annex 5. When the model was first plotted for KSC utilizing a t1/2 time dependency, the
predicted results were an order of magnitude higher than the observed results. However,
when the exponent of time was modified from 0.5 to 0.35, which is just outside the 95%
confidence interval, the model agreed much better with the observed results for KSC

(Figure 4.15).
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Graph of Mass Loss for Bare 1018 Steel in Various Environments
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Figure 4.15 Graph of mass loss results for ASTM G-85 Annex 5 and KSC plotted against the
model predictions for those exposures. The model inputs were the same ESF parameters as
the exposure environments reported in Table 3.1. The model for ASTM G-85 Annex 5 used t%-3
while the model for KSC used t0-35,

452 Scribe Creep Model Results

The model for scribe creep is given in Equation 4.4 where SC is the scribe creep length in
um, T is temperature in Celsius, cycling is number of cycles per day, RH is percent relative
humidity, Cl is the chloride impingement rate in g/cm?2/day, UV is the UV intensity in W/m?2,

and t is time in days.
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SCY% = 0.225T + 3.75(Cycling) + 0.196RH + 0.4Cl + 0.016UV + 8.63t'/2 "

The R2 value for this model is 0.75. It should be noted that this model is derived from data
for FFA1, FFA2, FFA3 and FFA5. No model was able to accurately model scribe creep for all
FFA exposures for reasons that will be addressed in the discussion section. A
transformation was required to normalize the data as shown in the Box-Cox plot in Figure
4.16. The transform was square root of scribe creep (A=0.5). The transformed data met the
assumptions of linear regression. Figure 4.17 shows a plot of standardized residuals versus
predicted values for transformed FFA1, 2, 3, and 5 scribe creep data indicating that the data
are linear and homoscedastic. Figure 4.18 shows an autocorrelation plot for transformed
FFA1, 2, 3, and 5 scribe creep data indicating that the errors are independent. Figure 4.19
shows a normal probability plot for transformed FFA1, 2, 3, and 5 scribe creep data

indicating that the residuals are normally distributed.
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Figure 4.16 Box-Cox plot of FFA1, 2, 3, and 5 scribe creep data for Eponol coated steel
indicating that the proper transform is between A = 0.35 and A = 0.92. A is the value of the
exponent for the transformation (y?).
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Figure 4.17 Graph of standardized residuals versus fitted values (the values predicted by
Equation 4.4, or SC'/2) for transformed FFA1, 2, 3, and 5 scribe creep data indicating that the
residuals are linear and homoscedastic.
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Figure 4.18 Autocorrelation plot of transformed FFA1, 2, 3, and 5 scribe creep data for coated
steel showing that the errors are independent.
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Figure 4.19 Normal probability plot of transformed FFA1, 2, 3, and 5 scribe creep data
showing that the residuals are normally distributed.

A graphical representation of Equation 4.4 is given in Figure 4.20. Each exposure condition
is graphed against the model using the same exposure parameters as the exposure
condition it is graphed against summarized in Table 3.1. From visual inspection of Figure
4.20 it can be seen that at day 15 the model prediction for FFA1 is slightly higher than the
observed value and slightly lower than the observed value for FFA2. The model prediction
at day 15 for FFA3 is disparate from the observed value, however the model value for FFA5

and the observed value agree.
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Figure 4.20 Graph of model values plotted against observed values of scribe creep for Eponol
coated steel exposed to FFA1, 2, 3, and 5 test environments.

The sensitivity of the model to each ESF is shown in Figure 4.21 through 4.25

Similar to what was done for sensitivity tests for mass loss, the model baseline was
calculated by choosing the mean values of each of the ESFs (Table 4.2), then each ESF was
individually adjusted to its high and low values used in the FFA test matrix to determine the
sensitivity of mass loss to each ESF. The model is most sensitive to cycling followed by

temperature, relative humidity, UV and chloride.
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Table 4.2 ESF levels for the scribe creep model baseline. Baseline values are the mean values
of the high and low levels.

Temperature (°C) %RH Cl- (g/cm?/day) UV (W/m?2) | Cycling (# per day)
Baseline 32.5 77.5 1.04x104 0.22 2
High 40 85 2.3x10 0.28 4
Low 25 70 2.3x10-5 0.16 1
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Figure 4.21 Graph showing the sensitivity of scribe creep of coated steel exposed in FFA1, 2, 3,
and 5 to temperature. High temperature is 40°C and low is 25°C. All other ESFs are at baseline

values.
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Figure 4.22 Graph showing the sensitivity of scribe creep of coated steel exposed in FFA1, 2, 3,
and 5 to cycling. High cycling level is 4 wet/dry cycles per day and low is 1 cycle per day. All
other ESFs are at baseline values.
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Figure 4.23 Graph showing the sensitivity of scribe creep of coated steel exposed in FFA1, 2, 3,
and 5 to relative humidity. High relative humidity is 85% and low is 70%. All other ESFs are at
baseline values.
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Figure 4.24 Graph showing the sensitivity of scribe creep of coated steel exposed in FFA1, 2, 3,
and 5 to UV. High UV is 0.28 W/m? and low UV is 0.16 W/m?, All other ESFs are at baseline
values.
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Figure 4.25 Graph showing the sensitivity of scribe creep of coated steel exposed in FFA1, 2, 3,
and 5 to chloride. High chloride level is 2.3x10-* g/cm?/day and the low level is 2.3x10-#
g/cmz/day. All other ESFs are at baseline values.
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The scribe creep model developed with data from the FFA exposures was also compared to
the experimental data for ASTM G-85 Annex 5+UV and KSC (Figure 4.26) using the ESF
levels in Table 3.1. It can be seen that the model results are in fairly good agreement with

ASTM G-85 Annex 5+UV and KSC results.

Time (weeks)

—O— ASTM G-85 Annex 5 + UV
—@— Model Prediction ASTM G-85 Annex 5+UV
* Kennedy Space Center

—4@— Model Prediction Kennedy Space Center

Average Scribe Creep Length (micrometers)

0 2 4 6 8 10 12 14 16
Time (days)

Figure 4.26 Graph of observed values of scribe creep plotted against predicted model values.
The model inputs are the same ESF parameters present in exposures summarized in Table
3.1.

4.6 Discussion

4.6.1 Mass Loss Model

The model for mass loss appears to be able to capture the effects of ESFs on mass loss for all
FFA environments. The prediction agrees well with experimental data as shown by Figure

4.10 and the R2 value of the model (0.94). The model is valid within the ranges of the ESF
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levels of the experiments, e.g., the model is valid from a temperature range of 25 to 40°C.
Concerning the relative strength or potency of the effects of ESFs on mass loss, the relatively
strong effects of temperature and cycling appear to match with literature and with results
from Chapter 2 (Figure 2.3) and Chapter 3 (Figure 3.5).5.16-19 Moreover, the model showed

some agreement with standard LALT and field results (Figure 4.15).

Relative humidity shows a slight negative effect on mass loss. This is consistent with the
mass loss model made with data from the standard LALTSs presented in Chapter 3 (Figure
3.1 and Equation 3.1). Itis believed that this negative effect has to do with the effect of
relative humidity on the concentration of NaCl in droplets on the surface of a metal. Figure
4.27 shows the equilibrium concentration of NaCl in water for various relative humidities.
It can be seen that as %RH decreases, the concentration of NaCl in solution increases which

in turn may further increase the corrosion rate.5 19

NaCl concentration, molkg of H,O
L]

T T T T T T T N T - T

75 80 85 %0 g5 100
Relative humidity (%)

Figure 4.27 Thermodynamic equilibrium concentration of various saltwater solutions
relative to the relative humidity in equilibrium at 25 °C. Calculated by OLI.2°
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The effect of chloride itself on the mass loss of bare steel in FFA exposures appears to be
slight (Figure 4.14). It is well known that chloride is a strong factor in the corrosion of bare
steel.519.21-23 The lesser effect of chloride seen in the model is most likely due to the low
level of chloride in the FFA exposures, especially when compared with the large differences

in the high and low levels of temperature and cycling in the exposures.

The fact that the model results for ASTM G-85 Annex 5 with and without UV agree well with
observed results (Figure 4.15) is likely due to the fact that the ESF parameters for ASTM G-
85 Annex 5 with and without UV are within the ESF levels that were used in the FFA
experiments. To make the model results for mass loss compare to KSC, the exponent on
time had to be changed from 0.5 to 0.35 (e.g., t°5 became t035). The original model
predictions (with t%5) gave results that were higher than the observed results. This
suggests that the 15 days was not enough time to accurately capture the time effect on the

mass loss behavior that occurs in 6 weeks at KSC.

4.6.2 Scribe Creep Model

4.6.2.1 Effects of ESFs on Scribe Creep

The scribe creep model given in 4.4 for coated steel gives a good estimate of the scribe
creep length over time for FFA1, 2, 3 and 5. This model is valid within the ESF ranges that
were used in the experiments. The sensitivity tests show that cycling has the greatest effect
on scribe creep of any ESF (Figure 4.22). This is consistent with findings of scribe creep in

standard LALTs in Chapter 2. It was shown that ASTM G-85 Annex 5, which has 6 wet/dry
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cycles per day, had greater scribe creep length over time than did ASTM B-117, despite the
higher temperature and chloride level of the ASTM B-117 (Figure 2.24). Temperature had

the next greatest effect on scribe creep, followed by relative humidity.

UV showed very little effect on scribe creep (Figure 4.24). In Chapter 2, it was shown that
when UV was added to the standard ASTM G-85 Annex 5 test, scribe creep length was lower
than for ASTM G-85 Annex 5 without UV (Figure 2.24). Itis still unclear at this time why UV
would cause a decrease in scribe creep length. UV was shown to be the most likely cause of
a decrease in “intact” coating barrier properties far from the scribe for ASTM G-85 Annex
5+UV (Section 2.6.5) and for FFAs exposed to the high level of UV (FFA4, 5 and 6) (Section
3.6.4). UV was also shown in Chapter 3 not to be a governing factor in scribe creep (Section

3.6.4).

Chloride level had a nearly undetectable effect on scribe creep (Figure 4.25) at the levels
tested. In Chapter 2, it was shown that ASTM G-85 Annex 5 produced a greater scribe creep
length than did ASTM B-117 despite the fact that the concentration of chloride in the spray
solution is two orders of magnitude greater for ASTM B-117 (Figure 2.24). Itis worth
noting that the effect of chloride was not statistically significant in the model, but was
included for completeness. The model would not be significantly changed if the chloride
term were not included. This, however, does not imply that chloride has no effect on scribe
creep, just that there is no statistical difference in the levels chosen. Scribe creep appears to
be relatively insensitive to chloride when the chloride level is low. It may be that chloride
ions collect at the head of the scribe creep front and act like a catalyst to trigger corrosion

similar to the effect of chloride on pitting.2* As long as some chloride is present, it is
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sufficient to affect scribe creep. Further post mortem analysis would be required to verify

this speculation.

The model that only used data from FFA1, FFA2, FFA3, and FFAS produced predictions for
scribe creep for ASTM G-85 Annex 5+UV and KSC that matched well with observed values
(Figure 4.26). the accurate prediction of the model for scribe creep on ASTM G-85 Annex
5+UV is likely due to the fact that the ESF levels in the ASTM G-85 Annex 5+UV are within
the high and low ESF levels used in the FFA experiments. The agreement between model
results and observed experimental results for KSC shows that the model accurately
captures the effects of multiple ESFs on scribe creep. The model uses data from accelerated
tests that are run to 15 days, yet was able to accurately predict scribe creep out to 6 weeks
(42 days) for KSC. However, the model did not show very good agreement with KSC at 2 or
4 weeks. The model shows a nearly straight line while the observed results for KSC appear
to show that scribe creep length does not increase as quickly at long time periods (t > 2
weeks) as it does at shorter time periods (t < 2 weeks). That this relationship was not
accurately predicted by the model is most likely because 15 days is not enough time to

properly capture the time effects.

4.6.2.2 Inability to Model Across all Exposures

The model presented in Equation 4.4 is only valid for FFA1, 2, 3 and 5 and not for FFA4 and
6. Despite numerous iterations of models, none were constructed that could accurately
model FFA4 and 6 in addition to the other exposures. Models of FFA4 and 6 only were also

inadequate because there was not enough variation in the ESF levels between the two
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exposures. FFA4 and 6 are the only exposures that have high levels of both temperature
and cycling. Even when FFA3 and 5, which have high levels of just one of temperature or
cycling, were included, the model was still inadequate to describe those four exposures.
This is believed to be caused by an interaction between temperature and cycling that is
manifests itself only when both are at high levels. This hypothesis is supported by results of
Chapter 3 that showed a significant increase in scribe creep for FFA4 and FFA6 over every
other exposure that did not have both high temperature and high cycling (Figure 3.22).
Possible scientific reasons for this effect were discussed in Section 3.6.5. It may be that
temperature and cycling have a nonlinear relationship when both are high that cannot be
captured by a linear model. More data is needed to investigate and elucidate the possible

interaction between cycling and temperature.

4.7 Conclusions

An empirical model for mass loss was constructed that showed very good agreement with
experimental data. Temperature had the strongest effect on mass loss followed by cycling,
relative humidity, and chloride. UV was found to not have a statically significant effect on

mass loss of bare steel.

An empirical model for scribe creep of Eponol coated steel showed good agreement with
experiment, but only for FFA1, 2, 3 and 5, none of which have high levels of both
temperature and cycling. For FFA1, 2, 3 and 5, cycling was found to have the greatest effect
followed by temperature. Relative humidity had a much smaller effect than temperature or

cycling. UV was shown to have a very small effect. It was also shown that there was no
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statistical difference between the high and low chloride levels on scribe creep. It was

proposed that the presence of chloride ions was sufficient to affect scribe creep.

It was found that FFA4 and FFA6 could not be modelled accurately. It is possible that there
is an interaction between temperature and cycling that is only manifested in scribe creep
when both ESFs are at the high levels established in the FFA experimental design. This
hypothesis is supported by results from Chapter 3, but more investigation is needed to

determine the existence, character and effect on scribe creep of the possible interaction.

The scribe creep model was able to accurately predict scribe creep for ASTM G-85 Annex 5.
The model also predicted similar values of scribe creep to the observed values for KSC at 6

weeks, but not a 2 or 4 weeks.
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5 Chapter 5 - Summary and Future Work

51 Summary

The lack of correlation between corrosion produced by lab accelerated life tests (LALTS)
and field tests of organically coated metal alloys is a well-documented problem. The same
applies to coated steel. Contributing to discrepancies between lab and field is a general lack
of understanding of how differences in environmental severity factors (ESFs), such as
chloride and UV, affect the unit processes such as metal corrosion and polymer degradation
affecting scribe creep. This body of research endeavored to take the first steps to
understand the influence of ESFs on underpaint corrosion and polymer degradation in

scribe creep.

Using a “bottom up” approach, this dissertation first compared similarities and differences
in corrosion, scribe creep, and polymer degradation of ultra-high molecular weight epoxy
resin coated AISI 1018 steel samples tested in standard LALTs, field sites and lab full
immersion tests (FIT). This was done using a suite of high-level surveillance methods:
electrochemical impedance spectroscopy (EIS), confocal laser scanning microscopy (CLSM),
scanning electron microscopy (SEM), Fourier Transform Infrared Spectroscopy (FTIR), X-
Ray diffraction (XRD), and Raman spectroscopy. These methods enabled identification of
corrosive changes that might not be detected with low fidelity surveillance methods. This

study thus improved our ability to draw comparisons between LALT, FIT and field tests.
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Next, fractional factorial design of experiment in which ESFs were systematically varied in
non-standard LALTs was performed to better understand the effects of individual ESFs on
scribe creep, underpaint corrosion, and changes in electrical properties of the coated
system. The effect of UV light, temperature, relative humidity, chloride, and wet/dry cycling
were investigated using the methods described above. Differences in corrosion
morphology, corrosion products formed, and rates of scribe creep were examined.
Statistical analysis of the resulting data demonstrated the relative importance of individual

and combined ESFs to scribe creep.

Lastly, data from the non-standard LALTs were used to construct an empirical model of
scribe creep which accepted ESFs as inputs to yield scribe creep length and mass loss versus
time at fixed ESF levels. The empirical model produced using data from the factorial design
assessed the relative strength or potency of individual and combined ESFs on scribe creep
of coated steel. A possible interaction between temperature and cycling on scribe creep was
seen. By highlighting the ESFs that most greatly impacted scribe creep and processes
affecting it, such as mass loss and polymer degradation, the model provided a more in depth
understanding of the roles of selected ESFs in scribe creep of polymer coated steel. As the
first scribe creep model to incorporate multiple ESFs, the model also serves as a template

for creating scribe creep models for other commonly used coating schemes.

5.1.1 Comparison of Standard LALTSs, FITs and Field Sites

Results demonstrate a positive correlation between mass loss on bare 1018 steel samples

and scribe creep length on coated steel for both standard lab- and field- exposed samples. It
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is interesting to note that this trend was found across many standard LALTs. Additionally,
there was an inverse correlation between scribe creep length and the low frequency
electrochemical impedance of the coating for coated steel near the scribe for lab and field
samples. In contrast, the results demonstrate that LALT’s without UV radiation did not
correlate as well with field exposure in terms of coating degradation. This lack of
correlation points to the need for UV radiation to damage the polymer coating. However,
UV effects do not govern scribe creep. Comparison of LALT results to full immersion tests

(FITs) helped to clarify the mechanism of scribe creep in these lab and field exposures.

There appears to be an “overloading” effect of chloride on the Eponol coating. Exposures
with high chloride levels, such as ASTM B-117 and full immersion in 5% NaCl, showed
significant corrosion occurring away from the scribe after 10 days, likely at intrinsic coating
defects. In contrast, exposures with low chloride levels, such as the ASTM G-85 Annex 5,
showed no corrosion far from the scribe even after 15 days. FTIR results showed that high
chloride levels have no detectable effect of the degradation of the polymer coating itself.
This implies that a high level of NaCl is required to initiate corrosion at pores and defects in

the coating away from the scribe.

EIS results combined with scribe creep results for FITs at OCP and -1 V vs. SCE suggest that
cathodic disbondment caused by cathodic reactions under the coating was not the dominant
factor controlling scribe creep in this system. Chiefly, -1 V polarization suppressed scribe
creep suggesting that, unless local cathodic reactions during corrosion are greater than
those achieved at -1 V, cathodic delamination is not the driving process controlling scribe

creep for this coating/substrate system. It appears that anodic wedging of corrosion

274



products plays a strong role in scribe creep. It may be that cathodic delamination is
dominant in consistently wet conditions like ASTM B-117 while anodic wedging plays a
bigger role in cyclic wet/dry conditions where more voluminous corrosion products are

formed.

It was shown that ASTM G-85 Annex 5 correlated well with the Kennedy Space Center
outdoor marine atmospheric site in terms of scribe creep rate, scribe creep corrosion
morphology, and corrosion mechanism. However, the test differed from KSC in terms of
coating degradation as observed with EIS and FTIR. The addition of UV to ASTM G-85
Annex 5 produced better correlation with KSC with respect to coating degradation. ASTM

G-85 Annex 5+UV correlated the best with KSC of any LALT tested.

The effects of ESFs on mass loss of bare steel were fairly straight forward. However, the
effects of ESFs on scribe creep behavior appeared to be more complex. The role of ESFs in

scribe creep is further discussed in the next section.

5.1.2 Systematic Analysis of the Roles of ESFs in Scribe Creep

The results of Chapter 2 showed that systematic isolation and evaluation of the effects of
ESFs, individually and in combinations, on scribe creep length of coated steel was still

needed to more accurately determine how scribe creep is affected by the environment.
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Fractional Factorial Design of Experiment proved to be a valid method to quickly and
efficiently investigate the effects of ESFs on scribe creep. The ESFs investigated were,

temperature, relative humidity, cycling, UV irradiation and chloride.

Results show mass loss was lowest for FFA1 and FFA2, involving low temperature and low
cycling, and greatest for FFA4 and FFA6, involving high temperature and high cycling.
Additionally, iron oxide hydroxides (FeOOH) were the main corrosion products formed in
FFA exposures, as well in cyclic exposures such as ASTM G-85 Annex 5 and Kennedy Space
Center. Additionally, line profiles for all cyclic exposures showed that corrosion products

filled the scribe and wedged outward underneath the coating as exposure time increased.

Scribe creep results showed that FFA1, FFA2, FFA3 and FFAS presented similar scribe creep
lengths while FFA4 and FFA6 presented distinctly greater scribe creep lengths compared to
the other FFAs. Scribe creep and mass loss were shown to have a positive correlation in all
cases. The ratios of scribe creep to mass loss were similar for FFA1, FFA2, FFA3, and FFAS.
Ratios of scribe creep to mass loss for FFA4 and FFA6 were significantly higher compared to
the ratios for the other FFAs. FFA4 and FFA6 were the only exposures with high levels of
both temperature and cycling. This points to a possible interaction between temperature
and cycling rate when they are both at high levels. Lastly, high levels of UV were shown to
promote coating degradation far from the scribe but were not found to be a strong factor in

scribe creep.

The metal cover test samples showed no retardation effect on scribe creep length

progression when a metal film was put over the top of the polymer coating as an oxygen
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barrier. The reduction of oxygen diffusion did not reduce the scribe creep length. Results
suggest that cathodic delamination ahead of scribe creep is not the dominant factor
controlling scribe creep. These were consistent with cathodic polarization studies where

scribe creep was suppressed by -1 V vs. SCE cathodic polarization.

5.1.3 Statistical Analysis and Modeling of Mass Loss of Bare Steel and Scribe
Creep of Coated Steel

Empirical statistical models of scribe creep and mass loss were constructed using data from

the fractional factorial design of experiment. Both models were shown to conform to the

assumptions inherent in linear regression and were therefore valid.

For mass loss, temperature was found to have the largest effect followed by cycling, relative
humidity and chloride. The effect of UV was not found to be statistically significant.
Relative humidity (both levels examined experimentally were relatively high) was found to
have a slight negative effect on mass loss. This is consistent with earlier analysis of mass
loss in standard LALTs. As relative humidity decreases, the concentration of NaCl in
droplets on the metal surface increases, thereby possibly increasing corrosion rate. Other
literature has also shown an increase in the corrosion rate of bare iron contaminated with

SO, as relative humidity decreases.!

Statistical analysis of the scribe creep data showed that cycling had the largest effect of any
of the ESFs tested. Cycling was followed by temperature, relative humidity, UV and

chloride. Scribe creep was shown to be insensitive to chloride level within the range of
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levels tested. This does not mean that chloride has no effect on scribe creep, just that there

is no difference in the effect caused by the levels of chloride tested.

No model was able to accurately describe the mass loss of coated steel when FFA4 and FFA6
were included. FFA4 and FFA6 were the only FFA exposures to have both high cycling and
high temperature. This points to a possible interaction between temperature and cycling
rate, such that simultaneous combination of these drivers results in an effect on scribe

creep that is greater than a simple addition of their individual effects.

The scribe creep and mass loss models were able accurately predict results for ASTM G-85
Annex for bare and coated steel. However, the mass loss model required a change of t5 to
935 to accurately predict mass loss for KSC. The scribe creep model predicted the value for

scribe creep for KSC at 6 weeks, but did not agree with observed results at 2 and 4 weeks.

5.2 Future Work

This work has opened up many avenues of investigation that could potentially yield new
insights into the roles of ESFs on scribe creep of painted metals. One possible avenue is the
further investigation of the possible interaction effect of temperature and cycling on scribe

creep.

The fractional factorial design of experiment implemented was of resolution (III) meaning
that all main effects were distinguishable from each other but may have been confounded

by two factor interactions. In order to avoid confounding effects in the future, a new set of
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experiments is proposed: a 23 full factorial design.2.3 The ESFs to be tested would be
temperature, cycling and %RH because those factors were shown to have the largest effect
on scribe creep. Chloride would be included, but due to the insensitivity of scribe creep to
chloride at the levels previously tested, chloride level would not be varied. The test matrix
for such a design is given in Table 5.1. The ESF levels, could be the same as used in the
previous fractional factorial design, or perhaps modified after careful consideration. For
example, raising the low temperature for the exposures may elucidate the temperature at
which the interaction begins to be significant. Since this design is a full factorial, there
would be no confounding effects between factors, and all possible interactions could be
distinguished. Ideally, a 33 full factorial design would be implemented with three levels of
each ESF, with the high and low levels remaining the same as the previous factorial design
and the middle level being in between the high and low levels. However, this design would

require 27 experiments to fully implement.
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Table 5.1 Test matrix for a 23 full factorial design.

Run Temperature (°C) Cycling %RH
1 - - -
2 + - -
3 - + -
4 + + -
5 - - +
6 + - +
7 - + +
8 + + +

This study examined selected ESFs consistent with marine and rural environments. Other
important outdoor ESFs such as SO, NOz and O3, which are found in urban/industrial
atmospheres, and the pH of the solution that impinges on the sample surface, could be

examined using the approach developed here.

A second direction for future work would be to take the methods used here and apply them
to a full coating system that could be used in real world applications. This system might
include an adhesion promoter, primer, base coat and top coat. Longer timeframes would
likely be necessary to accomplish this goal. The Eponol system enabled meaningful study
through 15 days of exposure on a model coating with a very high initial impedance. This
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indicates that, at least initially, the Eponol system had comparable quality to a commercial

system.

A fruitful direction for future work would be to investigate the mechanisms of scribe creep
in cyclic exposures. For example, investigation of the effects of chloride on scribe creep at
low levels. Results from this study put forth the hypothesis that low level chloride collect at
the head and can act as a catalyst for scribe creep, similar to the autocatalytic effect of
chloride on pitting of steels. Tools such as X-ray photoelectron spectroscopy and energy
dispersive X-ray spectroscopy could be employed to see if chloride ions are concentrated at
the head or tail of the scribe creep front. SKP could also be used to look for a change in

potential ahead of the advancing scribe creep front.

The effects of adhesion on scribe creep in conjunction with the effects of ESFs were not
investigated in this study. Further investigation could look at the effects of ESFs on
adhesion of the coating to the substrate and what role adhesion plays in the cathodic
delamination and anodic wedging mechanisms of scribe creep. Although an investigation of
adhesion was beyond the scope of these experiments, this work expands our understanding
of the role of ESFs and serves a significant stepping off point from which new experiments

can be designed to elucidate the specific corrosive mechanisms at work in scribe creep.

5.3 Significance

This work establishes better foundations for understanding the effects of selected ESFs on

scribe creep of painted metals. For example, it was shown that in the ASTM B-117 the effect
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of chloride is dominant over the effects of other ESFs on substrate degradation while in
LALT and field environments that experience wet/dry cycling, cycling becomes the
strongest driver of scribe creep. These results validate the use of a “bottom up” approach to
standardize LALT design by examining ESFs. If the empirical equations developed are
found to apply broadly, ESFs can be targeted for minimization. Additionally, coating design
for scribe creep mitigation can be addressed more directly instead of by trial and error. In
environmental or lab test scenarios, the same ESFs will not always be appropriate targets

for minimization and mitigation of corrosion.

This work also give evidence supporting the idea that scribe creep in coated systems that
experience cycling is not dominated by cathodic delamination. Instead, anodic wedging
plays an important role. Overall, scribe creep of coated metal in environments that
experience wet/dry cycling may be under mixed control and more investigation is
warranted. When designing a corrosion resistant coating, combating detrimental effects of
cycling and anodic wedging might be more important goal in the adhesion science of the

coating than adhesion in the face of cathodic disbondment.

In addition to a better understanding of scribe creep in general, this body of work provides
some guidelines that could be used in the construction of future LALTs. For example,
although chloride is a strong corrodant of steel, it was shown that including too high of a
level in the LALT design can result in global degradation more uniformly across the intact
coating that is unlike that seen in field environments. Additionally, cycling was shown to be
an important part of any test that seeks to mimic field exposures. If further research once

again finds an interaction between temperature and cycling, this will have to be considered

282



and factored into LALT design. At this time, it appears that the interaction only happens
when temperatures and wet/dry cycling are greater than what would be experienced in the
field. This should be taken into account when determining the severity of the LALT and

determining acceleration factors.

This work demonstrates that fractional factorial design of experiment can be successfully
implemented to reduce the time and resources required in an experimental investigation of
a complex, multi-step process such as scribe creep with many corrosion drivers. In this
dissertation, FFA was able to highlight important trends that can be investigated at higher

resolution in the future.

Lastly, this work provides an overall testing approach and framework for many various
avenues of exploration of coatings, pretreatments, and adhesion promoters that mitigate or

inhibit scribe creep.
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6 Appendix A - Scribe Creep and Underpaint Corrosion on
Eponol Coated AA2024-T3

6.1 Summary of Appendix A

6.2 Background

6.2.1 Mechanism of Scribe Creep on Coated Aluminum

Cathodic delamination does not often occur in aluminum alloys because of a lack of
electronic conductivity of the surface oxides, the slow rates of cathodic electron transfer
reactions, and a lack of global OH- production under the coating.! Filiform Corrosion (FFC)
is a form of surface corrosion that forms long, thin filaments of corrosion under a coating
and delaminates and detaches the coating.l.2 The filament has an anodic head and a
cathodic tail and starts growing from a defect in the coating, like a scratch. The
electrochemical reactions that take place are Equation 6.1, the anodic reaction at the head of
the filament, and Equation 6.2, which is a secondary reaction near the head upon hydrolytic

acidification.!

6.1
Al > AI* +3e @

1 .
H++e——>EH2 62
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Equation 6.3 is the cathodic reaction in the tail of the filament. Then OH-ions form a
gelatinous aluminum hydroxide through homogeneous precipitation shown in Equation

6.4.1

3 3 _ - 6.3
ZOZ +7H20 +3e” - 30H

AP* +30H™ - Al(OH), 6.4

The anodic head of the filament is very acidic (pH=1-3) and the evolution of hydrogen gas
(Equation 6.2) occurs in the same area as the anodic dissolution of aluminum.? The tail of
the filaments is very basic and Al(OH)s is precipitated in the path of the tail (Equation 6.4).1
The propagation of the filaments has been proposed to be due to anodic undercutting
caused by differential oxygen concentration between the front and the back of the head of
the filament.z# Figure 6.1 shows a schematic of filiform corrosion on an aluminum alloy.5
While some water and oxygen can diffuse through the coating in order for Equation 6.3 to
occur,! most of the oxygen and water diffuse through the tail of the filament.6 Even when an
oxygen impermeable metal film was placed over the head and tail of the filament, leaving
only the scratch in the coating where the filament originated exposed to air, FFC continued
unabated.¢ It has been calculated that the rate of diffusion through the tail of the filament
can be up to ten times greater than diffusion vertically through the coating.6 It has been
suggested that coating adhesion to the metal substrate determines the corrosion protection
of the coating better than the barrier properties of the coating when this mechanism

prevails.3 4 Often, blisters in the coating of AA2024-T351 are just a cluster of filaments.!
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Figure 6.1. Schematic of filiform corrosion on an aluminum alloy.5

Certain factors have been shown to affect the growth rate of FCC and scribe creep on coated
aluminum alloys. Increasing temperature has been shown to increase scribe creep length
on AA2024-T351.17 Scribe creep on AA2024-T351 has been approximated to be an
Arrhenius-type thermally activated behavior that decreases over time. Scribe creep length
also decreases over time, and it has been shown that the scribe creep length is proportional
to time to the one half power.” Increasing relative humidity (%RH) has been shown to
proportionally increase the width of the filaments in FFC.2 Filiform corrosion rate is also
increased by application of HCI solution at the scratch.! The HCl solution promotes anodic
undercutting and helps to initiate FFC.1 Aluminum alloys that contain copper have been
shown to support enhanced rates of FFC over copper free alloys.! Copper rich inter-metallic
particles (IMCs) are cathodic to the aluminum matrix, and re-plated copper has been shown

to enhance the overall rate of the oxygen reduction reaction (ORR) on bare AA2024-T351.1.8
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Additionally, rates of scribe creep on AA2024-T351 have been shown to be accelerated with
higher surface coverage of copper because the ORR occurs preferentially on the Cu-bearing
particles.l.7 Studies have shown that by limiting the amount of copper available at the
surface, either by passivating the Cu bearing IMCs with pretreatments or by decreasing the
amount of Cu in the IMCs by keeping the copper in solid solution, will cause a decrease in
the scribe creep rate.l.7 Studies in the Automotive industry have found that increasing salt

levels in LALTs showed no noticeable increase in the corrosion of aluminum alloys.?

6.3 Objective

The objective of this section of work is to compare and contrast the underpaint corrosion
and scribe creep produced by the combination of corrosion drivers present in existing
standard LALTs compared to field exposures for coated AA2024-T351. Results were used to

generate acceleration factors for field sites with respect to LALTs.

6.4 Experimental Methods

6.4.1 Sample Preparation

Samples of AA2024-T351 plate measuring 7.62 by 12.7 by 0.3175 cm (3 x 5 x 1/8t inch)
were ground with 180, 240, 300, and 600 grit silicon carbide papers to remove any surface
oxide, even out any imperfections and create a clean bare surface. The sample was then
blown with compressed air to remove any large debris from the grinding. The sample was
washed with water and detergent soap and rinsed with Millipore water. After washing, the

sample was immediately blown dry with compressed air. Bare samples were then placed in
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a desiccator until they were exposed. The samples to be coated were placed in a fume hood.
The Eponol (Poly(Bisphenol A-co-epichlorohydrin) glycidyl end-capped, CAS registry
number: 25036-25-3. molecular formula: (C18H2203)nC22H2604) coating solution was applied
to the top of the plate and a Gardco 8 path wet film applicator was used apply the coating to
the sample. The 8 path wet film applicator was pulled by hand over the plate. The sample
was allowed to cure for 5 days in air and then put into a 60°C oven for 24 hours to finish
curing. The wet film thickness was roughly 75 microns (3 mils). The dry film thickness was
3045 microns (1 mil). After curing, the plate was cut into 2.5 x 2.5 cm (1 x 1 inch) pieces
with a band saw. The samples were then scratched by hand with a diamond scribe to give a
scribe of 15050 microns in width, 18+3 mm in length and 10+4 microns in depth into the
metal substrate. A schematic of a finished sample in cross section is shown in Figure 6.3. It
should be noted that the data for all LALTSs is for un-pretreated and coated aluminum
samples, while the data from the HI, PJ, and LA field sites is for sample pretreated with Pre-
Kote and then coated. The samples exposed to the KSC and BRD field sites were not

pretreated before coating.

<—— 25cm ——M>

€< 25cm —>

Figure 6.2. Schematic of Eponol coated and scribed AA2024-T351 sample. The sample is a
square that is 2.5 cm on a side.
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Figure 6.3. Schematic of Eponol coated and scribed AA2024-T351 sample. The substrate is
roughly 1 mm thick and the Eponol topcoat is 305 um. The scribe line is 150+50 um in
width.

6.4.2 High-Level Surveillance Testing Methods

6.4.2.1 Digital Optical 3D Microscopy (Hirox)

The bare and coated AA2024 aluminum samples were imaged with a Hirox KH-7700 digital
microscope in order to examine corrosion morphology. The samples were first imaged with
a macro lens to get one image of the entire sample surface. The coated samples then had a
2D tiled image taken at 50x that extended the length of the scratch using the MXG-4050RZ
lens. The coated samples then have 3D tiled images taken at 350x that start at the scratch
and run perpendicular out from the scratch using the MXG-10C lens with the OL 350 II lens
attachment. These 3d tiled images were taken at the same place every time to monitor the
progress of the corrosion from the scratch. Higher resolution images (+400x) were taken at
various interesting spots on the samples. The 3D images were processed using Mitiani

Corporation 3DMeasurement software and with Mountains Map software 10.
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6.4.2.2 Digital Image Analysis (Image])

Images taken with the Hirox were analyzed using Image] software 1. The images were
imported into Image] and converted into 8-bit greyscale images. The image was then
converted to binary with the threshold selected to show all the pits as black areas and
everything else as white areas. The Count Particles command was then used and the lower
threshold for particle size was 20 um2. The data returned was average particle area, area

fraction of particles and particle density.

6.4.2.3 Electrochemical Impedance Spectroscopy

EIS was conducted on coated AA2024-T351 samples that had been exposed to various
environments in order to examine the electrical properties of the coating s and detect the
evolution of coating defects. The testing was done on a Princeton Applied Research
Versastat 4 using the VersaStudio software. A five minute OCP test was run before EIS. A
typical EIS scan was acquired in sine mode from 100 kHz to 0.05 Hz with 6 points per
decade. Samples were scanned with an AC amplitude of 60 mV to reduce noise. The tests
were run in a flat cell containing 0.3 wt% sodium sulfate solution with ambient aeration.
The area of the sample tested was a circle with an area of 1 cm2. The samples were tested at
locations 0.3 cm and 0.75 ¢cm away from the scribe (Figure 6.4). The reference electrode
used was saturated calomel reference electrode, the samples were the working electrode,

and a platinum mesh was used as the counter electrode.

290



~0.3cm

\ Near
from /
scratch n_@

Far

~0.75

cm from
scratch

< 2.5cm >

Figure 6.4. Schematic showing locations where EIS was performed on coated and scribed
samples.

6.4.2.4 Scanning Electron Microscopy and Energy Dispersive X-Ray Spectroscopy
(SEM and EDS)

Scanning electron microscopy (SEM) was conducted on a JEOL 6700F scanning electron
microscope. Energy dispersive analysis (EDS) was performed using the same instrument

and analyzed using PGT Spirit software.

6.4.2.5 Fourier Transform Infrared Spectroscopy (FTIR)

FTIR analysis of Eponol films was conducted to better understand the effects of ESFs on
coating degradation in the form of polymer bond breaking. FTIR analysis enables the
detection of degradation of Eponol films exposed on inert substrates to determine the
effects of ESFs on the coating itself without any effects due to the substrate. FTIR analysis
was performed on Eponol films that had been cast on inert polypropylene substrates and
then exposed. For samples analyzed at UVa, the films were removed from the substrate

after exposure and placed into a ScienceTech benchtop FTIR spectrometer for analysis. For
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samples analyzed at USM, coatings were left on the substrate and spectra were taken from
three different locations on the eponol film by securing them to a Smart iTR attachment.
The spectra were obtained using a Nicolet 6700 FTIR from Thermo Scientific running
Omnic software, in 4000-650 cm-1range. The spectrophotometer was operated in
transmission mode. The spectra were recorded at a resolution of 2 cm-! and 32 scans were

conducted per location.

6.4.2.6 Confocal Scanning Laser Microscopy

Confocal Scanning Laser Microscopy (CSLM) gives detailed 3D topography information at

higher resolutions than can be achieved with the optical 3D system.

6.4.2.7 Nitric Acid Sample Cleaning Procedure

The one bare AA2024-T351 sample exposed to CC+03 (10-25 ppm) was cleaned with a
nitric acid solution after detailed analysis. This was done to remove the surface oxide in
order to conduct further analysis on these samples. The sample was cleaned with a 50%
nitric acid solution for 30 seconds. The sample was then rinsed in DI water and blown dry

with compressed air. The sample was then taken immediately to the SEM for analysis.

6.4.2.8 Differential Scanning Calorimetry

DSC was used to measure the change in the glass transition temperature (Tg) of the Eponol
film to gain insight into how different ESFs affected the nature of the Eponol polymer over

time. DSC and MDSC measure the amount of heat required to increase the temperature of a
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sample. For polymers, it is used to measure the change in glass transition temperature (Tg),
or the temperature at which the polymer changes from an amorphous solid to a crystalline
solid. The glass transition temperature is important because the properties of the polymer
change as it moves from above the Ty to below. For example, above the transition
temperature, polymers are amorphous and are generally more flexible and rubbery, while
below the Ty they are crystalline and are generally more brittle.12 Shorter polymer chains,
limited crosslinking, and incorporation of plasticizers or residual solvent can lower the Tg,
while longer chains, extensive crosslinking and large side groups raise the T, 12
Environmental factors can affect the T;. For example, higher temperatures would cause
more residual solvent to evaporate leading to higher T,, while factors that break the
crosslinking or the backbone of the chains themselves, like UV or ozone, would cause T to
lower.12 DSC was performed on unexposed and exposed (ASTM D4587, B117, and G85 A3)
Eponol 53-BH-35 films on polypropylene. The samples were prepared by using a hollow
punch of 6 mm on each of the respective films once they were removed from the substrate.
Two to three punches of each sample were loaded in to standard Al DSC pans. A
Heat/cool/heat cycle was carried out between -25 ° C and 130 °C with a heating rate of 10
°C/min, under a nitrogen atmosphere (flow rate = 50 mL/min); with a TA Instruments DSC

Q2000T calorimeter.

Modulated DSC was also performed on the same samples as above following the same
procedure of sample preparation but they were loaded into T-zero Al hermetic pans. The
conventional modulated DSC run was carried out between -25 ° C and 130 °C with a heating
rate of 2 °C/min, modulating 60 seconds, under a nitrogen atmosphere (flow rate = 50

mL/min); with a TA instruments DSC Q2000 calorimeter.
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6.4.2.9 Thermogravimetric Analysis

TGA was performed on unexposed and exposed samples of Eponol 53-BH-35 on
polypropylene. TGA involves heating the sample in a controlled setting and constantly
measuring the changing weight. It has been used to measure the amount of residual solvent
and the amount of organic content in the polymer. The remaining material after the sample
has been heated to the point of complete polymer degradation is inorganic material. The
samples were removed from the substrate and then using a hollow punch of 8 mm disks
were punched out and two disks were loaded into the sample pan for each run. The sample
pan was platinum and the runs were high resolution dynamic and were carried out from
room temperature to 500 °C with a ramp rate of 10 °C/min, sensitivity of 1 and resolution of
4°C under a nitrogen atmosphere with a TA instruments TGA Q500 thermogravametric

analyzer.

6.4.3 Sample Exposure Conditions

6.4.3.1 LALT Exposure Conditions

The suite of LALT exposure chambers included a QUV™ cyclic condensation (CC/UV)
chamber and a salt fog chamber. The salt fog chamber was modified to include UV lights.13
The QUV™ allows the use of elevated temperatures, humidity and condensation cycling, and
UV exposure in LALTs. These chambers can be used to perform standard LALTSs like ASTM
B-117 and ASTM D-5894, and also allow for modified versions of standard LALTs. Coated

and bare AA2024 samples were exposed in ASTM B-117, ASTM G-85 Annex 3, ASTM G-85
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Annex 5, ASTM D-4587 and ASTM D-5894 standardized tests. Samples were also exposed in
one non-standard test, a modified ASTM G-85 Annex 5 that included UV light. For this non-
standard LALT, all exposure conditions were identical to the ASTM G-85 Annex 5 except for
the addition of UV light (wavelength of 340 nm at 0.5 W/m?) for 12 hours per day. Coated
and bare AA2024 samples were removed from the exposure chambers and tested with the
suite of characterization techniques at 0, 1, 3, 5, 10, and 15 days. After testing, the samples
were immediately returned to the exposure chambers. A detailed list of the LALT exposure

conditions can be found in Table 6.1.

Table 6.1. List of all standard LALTSs used in this study.

Standard LALT | Conditions and Notes Cl- | UV | Cycling

Standard practice for operating salt spray (fog) apparatus.
5% NaCl solution, continuous spray.'# ASTM B-117 SW used
ASTM synthetic sea water solution in place of the 5% NacCl
solution. ToW 75-100%

ASTM B-117

Seawater acidified test, cyclic. Solution is 42 g of synthetic
sea salt and 10 mL glacial acetic acid per liter of solution.
2.8<pH<3.0. Test cycle is 0.5 hours spray of this solution
followed by 1.5 hours soak at or above 98% RH.15

ASTM G-85 A3

Dilute electrolyte cyclic fog dry test. Test consists of two step
cycles of 1 hour spray at room temperature and 1 hour dry
off at 35°C. Solution of 0.05% sodium chloride and 0.35%
ammonium sulfate.!>

ASTM G-85 A5

Standard practice for fluorescent UV-condensation
exposures of paint and related coatings. 4 hours of UV (340
ASTM D-4587 | nm) at 0.89 W/m? at 60°C followed by 4 hours of v v
condensation (dark) at 50°C.1¢ Condensation comes from the
heating of water in a tray below the samples.

Standard practice for cyclic salt fog/UV exposure of painted
metal (alternating exposures in a fog/dry cabinet and a
UV/condensation cabinet). A combination of ASTM G-85
ASTM D-5894 | Annex 5 and ASTM D-4587 Cycle 2. One week of ASTM D- V|V v
4587 (4 hours of UV (340 nm) at 0.89 W/m? at 60°C
followed by 4 hours of condensation (dark) at 50°C.)
followed by one week of ASTM G-85 Annex 5.17
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Samples were also exposed in non-standard LALTs. These were conducted in a QUV™ cyclic
UV exposure chamber that had been modified to allow for the input of ozone gas. The
exposure conditions were cyclic condensation (CC) consisting of two hours of condensation
at 50°C followed by one hour of dry out also at 50°C), CC+UV (UV added to the one hour dry
out during the CC cycling, done at 50°C, all UV exposures were done at an irradiance of 0.68
W/m2 centered around 340 nm wavelength), CC+03 (0.7-2.5 ppm), CC+03 (10-25 ppm), and
CC+UV+0s3 (0.7-2.5 ppm). Variations in the ozone levels were caused by the UV light that
decomposes ozone, as well as the cooling fans that come on during the dry out phase to cool
the UV bulbs. A summary of nonstandard LALT exposure conditions can be found in Table

6.2.

Table 6.2. List of all non-standard LALT's used in this study.

uv
CC (irradiated during dry 03
LALT designation (2 hour condensation + 1 out. Wavelength is (pumped into the
hour dry out) centered at 340 nm with chamber continuously)
an intensity of 0.68 W/m?

cC 4 none none

CC+UV v v none
CC+03 v none 0.7-2.5 ppm
CC+03 4 none 10.25 ppm
CC+UV+03 4 v 0.7-2.5 ppm

6.4.3.2 Field Exposure Conditions

Samples have also been deployed at various sites around the country for comparison to

standard LALTSs. A list of these sites and the site characterization data can be found in Table

6.3.
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Table 6.3. Environmental severity factors for field sites.

Mean o Mean Mean 03 Mean Mean CI- Mean Cl- dep
Site Location | Temp To(\)N RH | Concentration uv dep rate rate
°C (%) (ppb) (W/m?) | (ug/cm?/hr) | (mg/m?/day)
Coconut
26.2 14 | 75.5 - 10.11 0.30
Island, Hi 71.18
Los Angeles,
17.5 - 70.3 70* - -
CA -
Point Judith,
RI 10 - 77.9 72.5 - 0.051 122
Charlottesville
"| 15.6 - 64.6 47* - 0.002
VA 0.48
Kennedy
Space Center, 23.6 - 72.0 75.3* - 0.8
FL 192

Note: “-“indicates that the data is not available. “*” indicates that data were taken from

nearby NOAA site, not taken directly at exposure site.

6.5 Results

6.5.1 Scribe Creep Analysis

Image analysis was also performed in order to determine the scribe creep length over time

for Eponol coated AA2024-T351 samples. Figure 6.5 shows an example of how scribe creep

over time is tracked visually. Figure 6.5 shows the progression of scribe creep during

exposure at KSC. Figure 6.6 shows scribe creep behavior for BRD. Figure 6.7 is of samples
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exposed in the ASTM B-117. Figure 6.8 and Figure 6.9 show the behavior for ASTM G-85
Annex 3 and Annex 5, respectively. Figure 6.10 shows the scribe creep behavior of samples
exposed in ASTM D-5894. Figure 6.11 shows the behavior of samples exposed in the non-
standard LALT CC+UV+03 (0.7-2.5 ppm). Figure 6.12 shows a visual comparison of scribe
creep for all LALTs and Figure 6.13 shows a visual comparison for field sites. The results
are shown in graphical form (Figure 6.14). It can be seen from these figures that ASTM D-
5894 and ASTM G-85 Annex 5 best match with KSC for appearance of corrosion at and
around the scribe. The lack of scribe creep seen for samples exposed at BRD is most likely
due to the mild rural/suburban nature of the site. The samples exposed at PJ, HI and LA

were so degraded that it was impossible to get accurate scribe creep data.

unexposed KSC 3 months KSC 9 months KSC 12 months

Figure 6.5. Optical Images of scribe creep over time for Eponol coated AA2024-T351 exposed
at KSC.
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unexposed BRD 1 month BRD 2 months BRD 3 months

Figure 6.6. Optical Images of scribe creep over time for Eponol coated AA2024-T351 exposed
at BRD.
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0 days

Day 0 Day 1 Day 5 Day 15

Figure 6.8. Optical Images of scribe creep over time for Eponol coated AA2024-T351 exposed
to ASTM G-85 Annex 3.
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0 days 1 day 5 days 10 days

Figure 6.9. Optical images of the scribe on Eponol coated AA2024-T351 exposed to ASTM G-
85 Annex 5.

2000 g m
O days 0.5 cycles 1 cycle
(7 days) (14 days)

Figure 6.10. Optical images of the scribe on Eponol coated AA2024-T351 exposed to
ASTM D-5894.
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Day 3 Day 5 Day 10 Day 15 Day 25

Figure 6.11. Optical images of the scribe on Eponol coated AA2024-T351 exposed to CC+03
(0.7-2.5 ppm).

7 )
- ASTM G-85 Annex 3 CC+UV 15 ASTM G-85 Annex 5  ASTM D5894 1 cycle (7
(V0 €0, (1025 ASTM B-117 15 days days 10 days days in UV + 7 days in
(0.7-2.5 ppm) ppm) 15 days 15 days V: V! . ;5 e V!

15 days

Figure 6.12. Optical images of eponol coated AA2024-T351 exposed in various LALTs showing
the extent of scribe creep after 15 days.
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3000 |

BRD 3 months

Hi 18 months KSC 3 months

LA 18 months  PJ 18 months

Figure 6.13. Optical images of eponol coated AA2024-T351 exposed at various field sites

showing the extent of corrosion and scribe creep over time.
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Figure 6.14. Scribe creep length over time for Eponol coated AA2024-T351 for all LALTs and
field sites. The KSC and BRD data points correspond to the upper X axis, as indicated by the

drrows.
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From the scribe creep data obtained, acceleration factors were be calculated and are
presented in Table 6.4. Acceleration factors were calculated based upon the time taken to
reach a scribe creep length of 3000 pm. It should be noted that some LALTSs produced no
noticeable scribe creep and were therefore omitted from the table. The LALTs that
produced no noticeable scribe creep obviously do not behave like KSC in that manner.
Additionally, no noticeable scribe creep was seen on samples exposed at BRD, so
acceleration factors with respect to BRD were not calculated. The other field sites (Hi, LA,
PJ) were omitted because the overall high degradation of the coating made it difficult to

determine if scribe creep had occurred.

Table 6.4. Acceleration factors for LALTs with respect to KSC based on scribe creep length.

Environment AF wrt KSC
CC+03(10-25ppm) 3.3
G-85A3 21
G-85 A5 35
B-117 14
D-5894 1.9

6.5.2 Pitting Analysis

Optical, CLSM and Hirox imaging of bare AA2024-T351 exposed to different environments
indicated different pit morphologies as a function of standard lab and field environments.
All samples were rinsed in DI water and dried before imaging. Samples exposed in high
ozone environments had a high density of small pits, i.e., samples exposed in CC+03 (10-25
ppm) for 5 days had a pit density of 7.9 x 103 pits/cm?but an average pit area of only 165

um?2. (Figure 6.15, Figure 6.16 and Table 6.5), while samples exposed at field sites shows a
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small number of large deep pits i.e., samples exposed at BRD had pit a pit density of 53.2
pits /cm? and an average pit area of 367 um? (Figure 6.17 and Table 6.5). Image
comparisons can be seen for samples exposed at field sites (Figure 6.18 and Figure 6.19)

and for samples exposed in LALTs (Figure 6.20).

Figure 6.15. Optical image (left) and CSLM image (right) of pitting on bare AA2024 exposed to
CC+03 (10-25 ppm) for 5 days. All samples rinsed in DI water before imaging.

Figure 6.16. Optical images of pitting on bare AA2024-T351 exposed in CC+03 (0.7-2.5 ppm)
for 15 days (left) and CC+03 (10-25 ppm) for 5 days (right). All samples rinsed in DI water
before imaging.
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Figure 6.17. Optical image (left) and CLSM image (right) of pitting on bare AA2024 exposed at
LA for 9 months. All samples rinsed in DI water before imaging.
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Figure 6.18. Optical images of pitting on bare AA2024-T351. a) unexposed sample, b)
exposed at BRD for 1 month, c) Exposed at BRD for 3 months, d) Exposed at KSC for 1 month,
e) exposed at KSC for 3 months, f) exposed at KSC for 3 months. All samples rinsed in DI water
before imaging.
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Figure 6.19. Optical images of pitting on bare AA2024-T351 a) unexposed, b) exposed at LA
for 9 months, c) exposed at KSC for 3 months, d) exposed at P] for 9 months. All samples
rinsed in DI water before imaging.
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Figure 6.20. Optical images of pitting on bare AA2024-T351 a) unexposed, b) exposed in
ASTM D-5894 for 1 cycle (14 days), c) exposed in ASTM D-4587 for 15 days, d) exposed in
ASTM G-85 Annex 5 for 10 days, e) exposed in ASTM G-85 Annex 3 for 15 days, f) exposed in
ASTM B-117 for 15 days. All samples rinsed in DI water before imaging.
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In order to perform a quantitative measurement of pitting across the different exposure
conditions, image analysis was performed using Image] software 11. An optical image, like
the one in Figure 6.21, was converted into a binary black and white image. The image was
then processed to determine, total number of pits, total area of pits, average area per pit and
the area fraction of pits. The results can be seen in Table 6.5. Using the results obtained
from Image], histograms were also constructed of the distribution of pit sizes. Due to the
difference in the size of the pits the bins are not the same size for each graph. However, the
general trends can be seen. Namely, KSC and ASTM B-5894 both show large numbers of
small pits but then have long tails in pit size distributions indicating a few pits that are
much larger than the rest (Figure 6.22 and Figure 6.23). ASTM B-117 shows a much smaller

tail in pit size distribution and a more normal distribution (Figure 6.24).
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Figure 6.21. Optical image (left) and binary image (right) of pitting on bare AA2024-T351
exposed to CC+UV+03 (0.7-2.5 ppm) for 15 days. All samples rinsed in DI water before
imaging.
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Table 6.5. Summary of Image Analysis of Pitting on bare AA2024-T351

Exposure Avera(i er:;)t Area Area Fraction lz;g;::;g
CC+UV+03 (0.7-2.5 ppm) 15 289 5 cg 25104
days
CC+03 (10-25 ppm) 5 days 165 1.3 7.9x103
CC+UV 15 days 160.1 0.1 624.6
CC 15 days 90 0.3 3.3x103
ASTM G-85 Annex 5 15 days 3315 0.6 1.8x103
ASTM D-5894 15 days 249.1 0.9 3.6x103
ASTM D-4587 15 days 99 0.3 3.0x103
ASTM B-117 15 days 102 1.3 1.3x104
KSC 3 months 954 10.2 1.1x104
BRD 1 month 0 0 0

BRD 3 months 376 0.02 53.2
PJ 3 months 228 0.8 3.5x103
LA 3 months 137 0.3 2.2x103
Hi 3 months 162 0.4 2.5x103

Note: Samples exposed in ASTM G-85 Annex 3 were too corroded to obtain any meaningful pitting
data.
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Figure 6.22. Histogram of pit area for bare AA2024-T351 exposed at KSC for 3 months.
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Figure 6.23. Histograms of pit area for bare AA2024-T351 exposed in ASTM D-5894 for 1
cycle (14 days) (left) and for samples exposed at KSC for 3 months (right). Note that the x axis
scales are equal in this figure and that the x axis scales for samples exposed at KSC is different
in this figure compared with Figure 6.22.
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Figure 6.24. Histogram of pit area for bare AA2024-T351 exposed in ASTM B-117 for 15 days.
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6.5.3 Corrosion Analysis by SEM and EDS

During analysis of optical images, images from samples exposed in high ozone (10-25 ppm)
showed different pit morphologies that were not seen in other exposures. As can be seen in
Figure 6.25, there are gray spots that were not identified at first. This sample was cleaned
for 30 seconds in a 50% nitric acid solution to remove the surface oxide for further analysis.
SEM (Figure 6.26) and EDS (Figure 6.27) analysis later showed these to be pits that had

been filled with oxide deposits.

Cu replating

pit

Oxide filled pits

Figure 6.25. Optical image of AA2024-T351 exposed in CC+03 (10-25 ppm) for 5 days showing
open pits, copper replating and oxide filled pits. Sample was rinsed with DI water before
imaging.
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LEI 15.0kV X250 WD 13.9mm 100um

Figure 6.26. SEM image of pit that is filled with oxide. Sample exposed in CC+03 (10-25 ppm)
for 5 days. Sample was rinsed with DI water before imaging.

314



MgKA 91 cps

WJ‘”\NMWI )

AIKA 1321 cps
il
Wha M A AN

CuKA 19 cp

— T
0.2pym 0.4 0.6 0.8 1.0

Figure 6.27. EDS linescan of oxide filled pit of a bare AA2024-T351 sample exposed in CC+03
(10-25 ppm) for 5 days. The spectra on the left show the relative abundances of oxygen,
magnesium, aluminum and copper. The image on the right shows the length and direction of
the scan. Sample was rinsed with DI water before imaging.

Pits exposed to high ozone (10-25 ppm) grow outward by undercutting the surface oxide

layer. Figure 6.28 shows the pits that have grown down into the metal and have undercut

the surface oxide which results in eventual collapse of the unsupported oxide. It is unclear

at this time if this process creates the oxide filled pits.
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X1,100 WD 13.9mm 10um LEI 15.0kV X800 WD 14.0mm 10um

Figure 6.28. Images of small pits growing by undercutting the surface oxide layer on bare
AA2024-T351 exposed to CC+03 (10-25 ppm) for 5 days. Sample was rinsed with DI water
before imaging.

Samples exposed to CC+03 (10-25 ppm) were immersed in a 60% nitric acid solution to
remove the surface oxide. This was done to these samples to determine the nature of the
filled pits and the material filling the pits. These samples were imaged in the SEM and the
results can be seen in Figure 6.29. The images show both smooth pits and rough pits. The

lower left image of Figure 6.29 shows pits growing underneath the surface oxide.
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Figure 6.29. SEM images of AA2024-T351 exposed in CC+UV+03 (0.7-2.5 ppm) for 15 days and
then immersed in 60% nitric acid solution to remove the surface oxide. Sample was rinsed
with DI water before imaging.

SEM imaging of samples exposed in different conditions also showed the differences in pit
morphology between differing exposure conditions. Samples exposed in high ozone
showed a large number of small pits (Figure 6.15, Figure 6.28). Samples exposed in
CC+UV+03 (0.7-2.5 ppm) showed fewer pits that were larger than the pits in the high ozone
exposure (Figure 6.21, Table 6.5). These samples also showed many small surface oxide

particles that were absent from the samples exposed to high ozone without UV (Figure
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6.30). Samples exposed at field sites showed pits that were very different from the LALT
exposed samples. Figure 6.31 shows the cracked and broken morphology that was
commonly seen in samples exposed at field sites. These pits were generally larger and

farther apart than the pits in LALT exposed samples. Subsequent EDS analysis showed an

abundance of sodium in the pit indicating the presence of sodium chloride.

.
# -

LEL__25.0kY L WDd Otz LEl 150KV X1200 WD140mm  10zm

Figure 6.30. SEM images of bare AA2024-T351 exposed to CC+UV+03 (0.7-2.5 ppm) for 15
days showing oxide particles on the surface of the sample. The particles were absent from
samples exposed in other conditions. Sample was rinsed with DI water before imaging.

LEI 15.0kV X700 WD 13.9mm 10um LEI 15.0kV X1,800 WD 13.9mm 10um

Figure 6.31. SEM images of bare AA2024-T351 exposed at LA for nine months showing pit
morphology characteristic of samples exposed at field sites. Sample was rinsed with DI water
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before imaging.
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Figure 6.32. EDS spectra (right) of a pit on bare AA2024-T351 exposed at LA field site for 9
months. The image on the right shows the direction of the scan. Sample was rinsed with DI

water before imaging.

6.5.4 Coating Analysis

6.5.4.1 Electrochemical Impedance Spectroscopy Analysis

AA2024-T351 samples exposed to various LALTs and field environments listed in Table 1.5

and Table 1.6 were examined by EIS. The EIS data has been obtained from the LALTs and

the field sites over exposure times. EIS scans were performed at two locations on the

sample, near to the scribe and far from the scribe (see Figure 6.4). The EIS data is presented
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below, starting with KSC (Figure 6.33) and BRD (Figure 6.34). KSC shows degradation of
the coating electrical properties nearly equally both near to and far from the scribe. This is
indicative of an ESF that attacks the coating specifically and only moderate corrosion
conditions that attack the bare metal at the scribe. LALTs that have no ESF that attacks the
coating specifically, like ASTM B-117 and ASTM G-85 Annex 5, show more coating
degradation near to the scribe where corrosion occurs than far from the scribe (Figure 6.35
and Figure 6.37). Thus, one significant difference is whether ESFs affect the coating or
induce corrosion which is reflected by scribe creep and particularly a drop in EIS
parameters near the scribe. Samples exposed in ASTM G-85 Annex 3 show nearly equal
drop in EIS parameters near to and far from the scribe, this is most likely due to the acidic
nature of the test. The non-standard LALTs show nearly equal degradation both near and
far for all tests incorporating either UV or ozone (Figure 6.40through Figure 6.42)
Acceleration factors were calculated for the LALTs base on the low frequency impedance

values (Z0.01]). The acceleration factors are reported in Table 6.6.
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Figure 6.33. EIS data for coated AA2024 exposed at Kennedy Space Center, FL. Leftis near and
right is far.
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Figure 6.34. EIS data for coated AA2024 exposed at Birdwood Golf Course, Charlottesville VA
(BRD). Leftis near and right is far.
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Figure 6.35. EIS data for coated AA2024 exposed to ASTM B-117. Left is near and right is far.
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Figure 6.36. EIS data for coated AA2024 exposed to ASTM G-85 Annex 3. Left is near and right
is far.
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Figure 6.37. EIS data for coated AA2024 exposed to ASTM G-85 Annex 5. Leftis near and right

is far.

—— Oday near.z
0.5 cycles near.; —— Oday far.z
1 cycle near 0.5 cycles far.z
10°E
202 Bl vl vl il il 1
0% 10? 107 10° 100 107 10° P TITEE RTTY E R TR R S RV R RN R TTIY AT
10° 10? 10" 10° 10* 10% 10°
Frequency (Hz,
a y (H2) Frequency (Hz)

-100 2100
_—
<
= o}
geor ; Bof
0 L@l il Ll vl o b vl vl vl vl vl
10° 10? 10" 10° 10 10° 10° 10 102 10" 10° 10* 10? 10°

Frequency (Hz) Frequency (Hz)

Figure 6.38. EIS data for coated AA2024 exposed in ASTM D-5894. Leftis near and right is far.
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Figure 6.39. EIS data for coated AA2024 exposed to CC. Leftis near and right is far.
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Figure 6.40. EIS data for coated AA2024 exposed to CC+UV. Leftis near and rightis far.
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Figure 6.41. EIS data for coated AA2024 exposed to CC+03 (0.7-2.5ppm). Left is near and

rightis far.
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Figure 6.42. EIS data for coated AA2024 exposed to CC+UV+03 (0.7-2.5ppm). Leftis near and

right is far.
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Table 6.6. Acceleration factors for AA2024-T351 based on low frequency impedance (Zo.01).

Test AF wrt BRD AF wrt KSC AF wrt Hi AF wrt LA AF wrt PJ
CC+Uv 5.6 2.8 3.27 3.83 2.13
CC+03(10-25ppm) 16.8 8.4 9.8 11.5 6.4
CC+03(0.7-2.5ppm) 3.36 1.68 1.96 2.3 1.28
CC+UV+03(0.7-2.5ppm) 11.2 5.6 6.53 7.7 4.27
ASTM G-85 A3 16.8 6.3 9.8 11.5 6.4
ASTM G-85 A5 4.48 1.68 2.61 3.07 1.71
ASTM B-117 9.6 3.6 5.6 6.57 3.66
ASTM D-5894 12 4.5 7 8.2 4.6

EIS data can provide a wealth of information. In addition to the change in the electrical
resistance of the coating over time (previous EIS plots), the saddle frequency method was
used to determine the defect area of the coating.!8 The coated metal was modeled as an
equivlent circuit (Figure 6.43). Constant Phase Elements (CPEs) were used instead of ideal
capacitors because of the tendancy for coatings to behave somewhere between a pure
capacitor and a pure resistor.1® R(soln) is the solution resitance, R(pore) and CPE2 are the
pore resistance and coating capacitance respectively, and the Rdl and CPE1 are the
resistance and capacitance of the soution double layer that forms at the solution/coating
interface. Pore resistance is the electrical resistance of the pores in the coating.18.20 As the

size and defective nature of the pores increases, the resistance of the pores decreases.
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R(soln) CPE2
\

Figure 6.43. The equivalent circuit model for an organically coated metal. R(soln) is the
solution resistance, R(pore) is the resistance of the pores in the coating, Rdl is the double
layer resistance, CPE2 is the coating capacitance and CPE1 is the double layer capacitance.

Figure 6.44 shows the EIS results of a computer simulation of the circuit in Figure 6.43 with
increasing pore area over time. From Figure 6.44, it can be seen that as the pore resistance
of the coating decreases over time, the saddle frequency decreases as well. This indicates
that the number, size, and defective nature of pores is increasing which corresponds to

increase in the defect area of the coating.
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Figure 6.44. Example of the data that can be obtained from EIS. Saddle frequency decreases
as Rpore decreases. For this simulation, Rs was 10 Q-cm?, Rpore varied from 1012 to 103 Q-cm?,
Ra varied from 108 to 104 Q-cm?2, and the total area was 1 cm?2.

From the phase angle plots (the lower plots on the EIS figures), the saddle frequency was
determined. These data were graphed for LALT and field exposed samples and is presented
in Figure 6.45. The change in saddle frequency over time shows an increase in pore area
over time that is undetectable by visual methods. This data also enabled the calculation of

acceleration factors by comparing the change in saddle frequency over time (Figure 6.45).
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Acceleration factors were calculated by comparing the time to reach a saddle frequency of
10 kHz for LALTS to field sites. This was done for each field site with respect to each LALT

used and the results can be seen in Table 6.7.
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Figure 6.45. Saddle frequency plots for coated AA2024 exposed to various environments. The
top plot is data taken from the Near location. The bottom plot is data taken from the Far
location. Open symbols represent data for samples exposed at field sites; time is on the top
axis for the field sites.
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Table 6.7. Acceleration factors for AA2024-T351 based on saddle frequency.

Environment AF wrt BRD | AF wrt KSC AF wrt Hi AF wrt LA AF wrt PJ]
CC+uv 6 5 16 10 3
CC+03(10-25ppm) 18 15 29 30 7.83
CC+03(0.7-2.5ppm) 9 7.5 24 15 4.5
CC+UV+03(0.7-2.5ppm) 36 30 155 95 25
ASTM G-85 A3 6.4 5.36 17.14 10.7 3.21
ASTM G-85 A5 1 0.83 5.7 3.45 0.825
ASTM B-117 2.57 2.14 8 5 1.2
ASTM D-5894 12.8 10.7 34.2 21.4 6.4

By fitting the data from the samples to the equivalent circuit in Figure 6.43 using the
parameters CPE1, CPE2, Ryore and Ry, values for Ryore were calculated. The Z-view software
package iteratively changes the parameters of the equivalent circuit until a fitting curve is
found.1® An example of such a fit is given in Figure 6.46. Rpore values were determined
which shows the specific degradation of the electrical resistance of the coating over time

(Figure 6.47).
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Figure 6.46. EIS data and equivalent circuit fit Eponol coated AA2024-T351 exposed to CC+03
(0.7-2.5 ppm) for 3 days. Data taken at the far location (see Figure 6.4).
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Figure 6.47. Rpore values for Eponol coated AA2024-T351 exposed in CC+03 (0.7-2.5 ppm). EIS
scans were performed near and far from the scribe and then fit to an equivalent circuit to
obtain Rpore.

It was shown previously that the breakpoint frequency method 1820 and data fitting can be
used to obtain Rpere values for the coated AA2024-T351. With Ryore the defect area of the
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coating can be calculated using Equation 6.5, where Aq is the defect area, p is the intrinsic
resistivity of the coating (assumed to be 10¢ (-cm), and d is the thickness of the coating (30
pum). Graphing Equation 6.5 shows the relationship between pore resistance and defect area
of the coating (Figure 6.48). Figure 6.48 also demonstrates the ability of EIS to detect
changes in Rpore and thus, defect area long before the defect area becomes large enough to

be visible to the naked eye.
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Figure 6.48. Graph of Equation 6.5 showing the increase in electrical defect area associated
with the decrease of Rpore.

Additionally, the importance of saddle frequency can be seen in Figure 6.49. The
relationship between saddle frequency and electrical defect area of the coating can be seen.

There are also two other parameters, fis (low) and fs5 (high), also called the lower and
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higher breakpoint frequencies. These parameters are determined from the plot of Phase
angle (the lower plot in Figure 6.44) where the curves cross a line drawn at -45 degrees.
The lower breakpoint frequency (fis (low)) is dependent on defect area for very small
defects when fis (high) cannot be resolved, while fi4s (high) is always dependent on defect

area and becomes resolvable as the defect area increases.18

Saddle Frequency
—u—F, (low)
—eo—F, (high)

Frequency (Hz)

Defect Area (cm?)

Figure 6.49. Plot of saddle frequency and high and low breakpoint frequency (fss) for the
model presented in Figure 6.44. The parameters are identical; Rs was 10 Q-cm?, Rpore varied
from 1012 to 103 Q-cm?, Rq varied from 108 to 104 Q-cm?, and the area was 1 cm?2.

6.5.4.2 Fourier Transform Infrared Spectroscopy Analysis

Fourier Transform Infrared Spectroscopy (FTIR) has been performed on 30 pm thick
Eponol coatings on polypropylene substrates exposed to various standard LALTs and at
various field sites. The polypropylene substrate is inert in these tests and thus has no effect

on the degradation of the coating. The results, shown in Figure 6.50, show that there is no
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degradation of the Eponol coating after 15 days of exposure in ASTM B-117 or ASTM G-85
Annex 5. Figure 6.51 shows ASTM B-117 and ASTM G-85 Annex 3, as well as two samples
exposed at KSC for 2 and 5 months. There is a noticeable difference between the samples
exposed at KSC and the other samples. In the KSC samples there is a decrease in intensity of
the 2963 and 2920 cm-! peaks, a new peak appears at 1717 cm-1, the 3362 cm! peak

broadens and a shoulder appears on the 1609 cm-! peak.
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ASTM B-117 15 days
——————— ASTM G-85 A5 15 days

100

80

Absorbance

0 — 1 - T - T T T * T * T 1
4500 4000 3500 3000 2500 2000 1500 1000 500

Wavenumber cm™

Figure 6.50. FTIR spectra of Eponol films exposed in ASTM B-117 and G-85 A5 for 15 days.
Data taken at UVa.
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Figure 6.51. FTIR spectra of Eponol films exposed in various conditions. Data taken at USM.

6.5.4.3 Differential Scanning Calorimetry Analysis

USM has also performed Differential Scanning Calorimetry (DSC) and modified Differential
Scanning Calorimetry (MDSC) on Eponol films exposed in various LALTs. DSC and MDSC
measure the amount of heat required to increase the temperature of a sample. For
polymers, it is used to measure the change in glass transition temperature (T,), or the

temperature at which the polymer changes from an amorphous solid to a crystalline solid.
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The glass transition temperature is important because the properties of the polymer change
as it moves from above the T, to below. For example, above the transition temperature,
polymers are amorphous and are generally more flexible and rubbery, while below the T,
they are crystalline and are generally more brittle.!2 Shorter polymer chains, limited
crosslinking, and incorporation of plasticizers or residual solvent can lower the Tg, while
longer chains, extensive crosslinking and large side groups raise the T, 12. Environmental
factors can affect the Tg. For example, higher temperatures would cause more residual
solvent to evaporate leading to higher T,, while factors that break the crosslinking or the

backbone of the chains themselves, like UV or ozone, would cause T to become lower 12,

Table 6.8. DSC and MDSC results showing the glass transition temperature for eponol exposed
to various conditions.

DSC MDSC
Sample Tg (°C) Onset (°C) igrl:ag(l;;;k Tg (°C) Onset (°C)
Unexposed 72.63 69.16 117.7 62.41 55.76
ASTM B-117 73.33 69.58 96.22 60.19 58.56
ASTM D-4587 74.38 70.16 95.05 61.81 56.72
ASTM G-85 A3 71.28 66.78 72.64 57.26 52.57

6.5.4.4 Thermogravimetric Analysis

USM has also run Thermogravametric Analysis (TGA) on samples exposed in ASTM B-117,
G-85 A3and ASTM D-4587 as well as unexposed samples. TGA involves heating the sample
in a controlled setting and constantly measuring the changing weight. Continuous heating
of the sample eventually drives off all organic material. It has been used to measure the

amount of residual solvent and the amount of organic content in the polymer. The
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remaining material is inorganic material. The data is shown in Table 6.9. The weight loss
numbers in the table are total values i.e., for the ASTM G-85 A3, 76.3% of its weight after the
residual solvent had been driven off was organic material and the remainder was non-
organic. Generally, a higher amount of inorganic solids indicates that the coating was
damaged and there was ingress of inorganic matter, such as salts. However, it is unclear at
this time if the large amount of inorganic material remaining in the samples exposed to
ASTM G-85 Annex is due to high levels of salts that were in the polymer itself, or if the acidic

nature of the test altered the polymer structure in some way.

Table 6.9. TGA results on Eponol films showing the amounts of residual solvents, organic
material and inorganic material.

Weight L f 300°Ct let
Weight Loss (from RT to ¢l oss-( rom ° comp ere
Sample degradation and loss of organic
300°C) .
material)
ASTM D-4587 6.6% 85.9%
Unexposed 8.9% 94.9%
ASTM B-117 7.0% 90.3%
ASTM G-85 A3 6.8% 76.3%

6.6 Discussion

6.6.1 Visual Analysis

From the visual data presented earlier in this section, it can be seen that the ASTM G-85
Annex 5 and the ASTM D-5894 best match with KSC (Figure 6.5, Figure 6.9, and Figure

6.10). The ASTM B-117 and ASTM G-85 Annex 3 appear to match with KSC for short time
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scales; but as time progresses scribe creep in the LALTs progress much more rapidly than is

seen at KSC.

6.6.2 EIS Analysis

EIS data shows that ASTM B-117 and ASTM G-85 Annex 5 cause very little environmental
damage to the coating itself (Figure 6.35 and Figure 6.37). KSC shows that most of the
damage detected by EIS is coming from the field environment and is not due to scribe creep
or the degradation of the substrate (Figure 6.33). This is most similar to the ASTM D-5894
(Figure 6.38), the ASTM G-85 Annex 3 (Figure 6.36) and the non-standard LALTSs that

contain UV and ozone (Figure 6.40,Figure 6.41, Figure 6.42).

6.6.3 Importance of UV

Table 6.7 demonstrates the importance of UV as part of an accurate LALT. The ASTM D-
5894 has cycles consisting of one week in ASTM G-85 Annex 5 and one week in ASTM D-
4857 (one week of four hours of UV exposure (340 nm) at 0.89W/m2 at 60°C and four hours
of CC at 50°C in the dark). The major difference between the G-85 Annex 5 and the ASTM D-
5894 is that samples exposed in the ASTM D-5894 are exposed to UV light. As can be seen
in Table 6.7, the addition of UV light increases the degradation of the coating roughly by a

factor of five.

Figure 6.53 shows an example of damage that occurs when Eponol films are exposed to UV.
The decrease in intensity of the 2963 and 2920 cm-! peaks show degradation of CH, CHo,

and CH3z bonds in the coating.21-25 The appearance and increase of a peak at 1717 cm-1 is
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caused by the formation of carbonyls and aldahydes which are products of degradation of
the aliaphatic carbon bonds in the coating.21-25 UV irradiation breaks bonds and allows
water to enter the polymer where damage has occurred. The broadening of the peak at
3362 cm-! and the appearance of a shoulder at 1609 cm-! indicate an increase in OH
bonds.21-25 This is due to the increase in water in the coating due to degradation caused by

UV exposure.22_ENREF 7 22
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Figure 6.52. FTIR spectra of Eponol films on inert polypropylene substrates exposed in
various conditions. Arrows indicate peaks that are expected to change with exposure to UV.

The DSC and MDSC data (Table 6.8) shows the changes in T, that have occured. Although
the sample exposed to ASTM D-4587 was exposed to UV and would therefore be expected to

340



have the lowest Tg, the samples exposed to B-117 and G-85 A3 have lower Ty numbers.

This is believed to be because the B-117 and G-85 A3 samples have more entrapped water
that plasticizes the polymer. D-4587 may be showing the net effect on T, from two opposite
factors. The high temperature of the D-4587 (60°C) is continuing to drive off solvent from
the film which increases Ts. However, the UV light degrades the polymer which lowers the

Tg-

The TGA data (Table 6.9) shows that the unexposed samples have the least amount of
inorganic remnants, as would be expected. ASTM G-85 A3 has the most non-organic
remnants. However, the reason behind this remains unclear. It may be due to the sample
accumulating more salts than the others during exposure, but why that would happen is not

clear.

6.6.4 Role of Chloride

Comparing the visual images of KSC (Figure 6.5) to ASTM B-117 (Figure 6.7), it can be seen
that the ASTM B-117 suffers from scribe creep to a larger extent than is seen for KSC.
Noticeable scribe creep doesn’t appear at KSC until 1 year of exposure. Accept for the ASTM
G-85 Annex 3, which is acidified and thus not a one to one comparison, not other LALT
suffers from visually noticeable scribe creep. Chloride, then, plays a role in scribe creep. Its
effect is most likely due to the damage to the substrate in the form of corrosion caused by
the chloride leading to scribe creep. However, the noticeable differences in the scribe creep
rates between KSC and ASTM B-117 suggest that the high level of chloride in the ASTM B-
117 (5%) may be too severe and cause the scribe creep to dominate over other forms of

corrosion. Scribe creep as the dominant form of corrosion is not what is seen in the field.
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6.6.5 Analysis of Corrosion on Bare AA2024-T351

The SEM analysis of corrosion/pitting morphology on bare aluminum samples shows a
distinct difference between LALTs and field exposures. LALTs with high ozone and UV
exposures showed a high number of small pits evenly spaced across the surface of the
samples, while field exposed samples showed relatively few but very large pits. This can
be seen in both Table 6.5 and in Figure 6.53 below. Samples with low ozone and UV showed
little pitting. UV is a major ESF that field samples are exposed to, but these results show
that UV alone cannot be causing the difference in morphology seen between LALT and field
exposed samples from the standpoint of corrosion. No samples were exposed in LALTs that
had UV, cycling and chloride in a manner that mimicked the field exposures. The ASTM D-
5894 does have a period of time in exposed to chloride and a period of time exposed to UV.
However, the UV exposure comes before the chloride exposure. Also, due to the very harsh
nature of the UV in the ASTM D-5894, the samples were only exposed to UV once during the
course of testing. This leads to the conclusion that ESFs like chloride, cycling and UV may
have confounding effects that cause the discrepancies between LALT and field exposed

samples.
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Figure 6.53. Optical images showing the comparison of pitting/corrosion morphology on bare
AA2024-T351 exposed at KSC (left) and in CC+UV+03 (0.7-2.5 ppm) (right).

6.7 Conclusions

The ASTM D-5894 best matches the degradation of the coating and substrate seen in the
field. Visually, it appears similar to KSC (Figure 6.5 and Figure 6.9). Additionally, EIS shows
degradation of the coating both near to and away from the scribe that mimics what is seen
in samples exposed in the field. However, ASTM B-117 does not mimic the field results for
Eponol coated AA2024-T351 (Figure 6.7). The coating was not damaged in the ASTM B-117
in the same way that is was in field results due to a lack of ESF (like UV) that attacks the
coating specifically. The ASTM B-117 has a high level of chloride such that in general the
scribe is attacked more than is seen in the field while the coating is attacked less. Field
exposures are naturally subjected daily wet/dry cycles, and standard and non-standard
tests with cycling appeared to mimic the field better than the ASTM B-117 which has no

cycling.
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