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Abstract

This report contains the findings of investigations into polymer degradation
and corrosion. There were seven tasks on different subjects. Following is a
short summary of each task.

Task 1. An approach referred to as “Direct Optical Interrogation” (DOI) has
been developed as an extension of the thin film pitting approach developed
and used by Frankel and others to study and quantify corrosion damage
accumulation under corrosion resistant organic coatings. Al and Al-Cu alloy
metallizations about 800 nm thick were deposited on glass substrates and
then coated with various coatings and coating systems. Samples were
introduced to aggressive environments and the progression of corrosion of
the metallization under the coating was monitored in situ using low power
videography through the transparent backside of the sample. DOI showed
that corrosion under coatings was episodic, i.e. marked by periods of intense
corrosion propagation and long periods of passivation. Concurrent DOI and
electrochemical impedance spectroscopy (EIS) measurements show that EIS
results must be interpreted with caution. EIS measurements made when gas
bubbles were trapped under coatings or when corrosion sites were
temporarily passivated yielded spectra that indicated high corrosion
resistance when, in fact, corrosion damage had occurred. Under free
corrosion conditions, under coating corrosion occurred at the very margins of
stability. Availability of cathodic current appeared to limit corrosion site
growth. Systematic exploration of the effects of a chromate and chromate-
free conversion coatings, chromate and chromate-free primer coatings and
the presence or absence of a polyurethane topcoat confirmed the
extraordinary corrosion protection by chromates. A commercial
praseodymium-pigmented primer coating was not particularly effective in
retarding undercoating corrosion site growth unless paired with a chromate
conversion coating. The presence of a topcoat in a conversion coating-primer
coating-top coat system dramatically reduced undercoating corrosion and
masked many deficiencies of a conversion coating or primer. DOI was used
to compare undercoating corrosion that developed due to exposure in ASTM
B117, ASTM G&85-A5 and outdoor environments. Results showed that
similar corrosion morphologies developed in ASTM B117 and static
immersion exposures. ASTM G85-A5 exposure produced different corrosion
morphologies. Calculation of corrosion growth rates indicated that, initially,
the ASTM G85 environment was mild compared with the ASTM B117 and
static immersion exposures. However, with time, as the local environments
evolved, the ASTM G85 exposure produced a massive number of corrosion
sites resulting in severe deterioration. Overall, the evidence was consistent
with the idea that both hydrogen reduction and oxygen reduction support
local corrosion site growth. In practical embodiments of corrosion protection,
every effort should be made to restrict oxygen reduction to slow corrosion
growth rates.
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Task 2. This project established links between lab and field testing of coated
steel samples with the goal of improving prediction of coating failure and
painted component lifetime. Carbon steel samples were coated with different
polymers, but most of the work was performed with PVB and Eponol
coatings. Coating failure can result from changes in properties of the bulk
coating polymer or of the coating/substrate interface. Bulk coating
properties were assessed using infrared spectroscopy and interface properties
with a Scanning Kelvin Probe (SKP). The SKP is a tool that measures the
rate of cathodic delamination, and it has previously only been used on model
systems. This is the first use of SKP as an assessment tool for the effects of
prior degradation during exposure to corrosive conditions. The exposures
included several outdoor sites in Hawaii and across the continental US, in
ASTM standard cabinet tests, and in a specially constructed chamber that
allowed control of certain atmospheric parameters. Both bulk polymer and
interface degradation were observed. SKP was found to provide a sensitive
assessment of the interface degradation, which allows for a shortening of the
exposure time required for evaluation of a coating system. Field exposed
samples exhibited both blisters and filiform corrosion (FFC). As a result, a
more detailed analysis of FFC was performed, including experiments used to
reproduce FFC in the lab. Raman spectroscopy was used to investigate the
details of the iron oxide formed as a function of the form of corrosion and
exposure conditions. It was possible to use the various measures to rank the
corrosivity of the different field sites and to assess the important exposure
parameters by investigating weather databases. The roles of exposure
conditions, like UV and ozone, were investigated in the special chamber and
in the standard cabinets. Finally, the degradation of some commercial coating
systems was investigated.

Task 3. Attenuated total reflection Fourier transform infrared (ATR-FTIR)
spectroscopy has been used to detect changes at the interfaces between
poly(vinyl butyral-co-vinyl alcohol-co-vinyl acetate) (PVB) and ZnSe upon
exposure to ozone, humidity and UV-B light. Also, the response of PVB/Al
interfaces to water has been studied and compared with the same for Eponol
(epoxy resin, diglycidyl ether of bisphenol A)/Al interfaces. In the presence
of ozone, humidity and UV-B radiation, an increase in carbonyl group
intensity was observed at the PVB/ZnSe interface indicating structural
degradation of the polymer near the interface. However, such changes were
not observed when PVB-coated ZnSe samples were exposed to moisture and
UV-B light in the absence of ozone showing that ozone is responsible for the
observed structural deterioration. Water uptake kinetics for the degraded
PVB monitored using ATR-FTIR indicated a degradation of the physical
structural organization of the polymer film. Exposure of PVB-coated Al thin
film to deionized (DI) water showed water incorporation at the interface.
There were evidences for polymer swelling, delamination, and corrosion of
the Al film under the polymer layer. In contrast, delamination/swelling of the
polymer was not observed at the Eponol/Al interface, although water was
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still found to be incorporated at the interface. Al-O species were also
observed to form beneath the polymer layer. A decrease of the C-H
intensities was detected at the PVB/ALI interface during the water uptake of
the polymer, whereas an increase of the C-H intensities was observed for the
Eponol polymer under these conditions. This is assigned to rearrangement of
the macromolecular polymer chains upon interaction with water.

Task 4. The effects of environmental exposure on polymer coating
degradation were studied by atomic force microscopy (AFM) scratching.
Adhesion was assessed by the coating removal rate during controlled-force
contact mode scratching in the AFM. Low carbon steel coupons were coated
by an ultra high molecular weight epoxy resin and exposed to environments
with high relative humidity and exposure to ultraviolet light. AFM scratching
was performed both in air and in water to assess the effect of water on
adhesion degradation. The average coating removal rate increased when
samples were first degraded by environmental exposure and by scratching in
water. AFM scratching is shown to be a quantitative method for the
assessment of adhesion and adhesion degradation for coatings less than about
4 pum in thickness.

Task 5. The effects of UV, ozone and NaCl on the atmospheric corrosion of
Cu have been studied by two types of laboratory exposures of Cu. The first
type was exposure of Cu with NaCl deposited before exposure. Initial stage
of Cu corrosion was studied via this type of laboratory exposure. The other
was exposure of Cu with constant deposition of NaCl during exposure.
Kinetics of Cu corrosion under constant deposition of NaCl was studied via
the second type of lab exposure. The corrosion products were analyzed by x-
ray diffraction and quantified by coulometric reduction. Surface morphology
after exposure was studied by scanning electron microscopy. The protection
effect of naturally-formed copper oxide was shown by comparing the
corrosion behaviors of Cu and Ag with UV and ozone but in the absence of
NaCl. UV illumination had a significant accelerating effect on Cu corrosion
regardless of presence of ozone. With ozone and NaCl, the accelerating
effect of UV was more evident at low RH (60%) than at high RH (90%).
Loading of NaCl is critical for formation of Cu,(OH);Cl, a common
corrosion product of Cu in marine environment. Oxidation of Cu20 to
Cuy(OH);Cl in the presence of NaCl by oxygen and ozone is a possible
pathway for formation of Cuy(OH);Cl. A laboratory environment chamber
with a constant deposition rate of NaCl was built. With this chamber, the
corrosion behavior of Cu during constant NaCl deposition was investigated
with different CO, concentrations and ultraviolet (UV) illumination. An
Na,CO; solution was found to be more suitable than KCl solutions for
quantification of Cu corrosion products. Cuprite was always the dominant
corrosion product during exposure of Cu in various environments. UV
illumination accelerated formation of cuprite significantly but had very little
effect on formation of cupric corrosion product. CO; in the environment was
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important in determination of cupric corrosion products. With 350 ppm CO,,
paratacamite was the dominant product, while tenorite was dominant with <1
ppm CO2. This explains why tenorite is not a common cupric corrosion
product in the field. Pitting corrosion was always the dominant form of
corrosion at the beginning of the exposure period but uniform corrosion
dominated at later times. The new environment chamber enables the
determination of Cu corrosion kinetics in the lab, especially the formation of
paratacamite, which provides insight into Cu atmospheric corrosion in the

field.

Task 6. A probe head for Raman spectroscopy was installed in the sample
chamber of a height-regulated Kelvin Probe (KP) in order to focus a laser
beam on polymer coated steel samples directly beneath the KP needle and to
detect light scattered at the sample surface. This allowed a simultaneous
analysis of the polymer/metal interface structure based on Raman spectra and
on Volta potential studies performed by the Kelvin Probe during sample
exposure in humid and dry air. The interface sensitivity of the assembled
setup was demonstrated with the detected sulfate signatures in Raman spectra
recorded from Na,SO, particles precipitated at the buried polymer/steel
interface. The observed spectral changes were compared to KP data of
potential shifts induced by structural rearrangement processes during drying
and humidification of the interfacial region. To track the lifting and descent
of the polymer layer, the distance between Kelvin Probe needle and polymer
surface was monitored in parallel to the KP potential. These data reveal that
spectral alterations, potential shifts and distance changes occurred with
varying sequence, but were clearly interrelated. The combined KP-Raman
spectroscopy approach consequently provides spectroelectrochemical
information that is not available from each technique separately and that will
be helpful for more detailed interface studies in the future.

Task 7. A laser beam focused beneath a Kelvin probe needle allows for
evaluation of laser-induced Volta potential shifts that can be used to identify
(ir)reversible structural rearrangements at the sample surface. This work
investigates the impact of laser irradiation on different substrate materials
and the influence of laser power and wavelength to explore possible
additional areas of analytical applications. Complete and instantaneous
potential recovery was achieved with a 785 nm beam, whereas inverse and
less meaningful potential shifts result for highly reflective Si-wafers.
Moreover, similarities to photovoltage transients recorded on solar cell
devices are discussed.
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Forward

This report provides a detailed summary of the work performed by researchers at The
Ohio State University under contract to the US Army Construction Engineering
Research Laboratory. The CERL project began in 2009 and finished in 2013. The
principle investigators are Gerald Frankel, Rudolph Buchheit, and Heather Allen. The
work comprises seven different tasks that are reported separately below.

This project is the second in a series of four-year programs organized through the
Office of Corrosion Policy and Oversight in the Office of the Secretary of Defense as
part of the University (Technical) Corrosion Collaboration. The focus of much of the
work performed in this project is in the area of coatings, primarily coating breakdown
and failure. Corrosion protective coatings are tested by exposure to aggressive
environments, either controlled in laboratory exposure cabinets such as the ASTM
B117 salt spray environment, or on the seashore where natural salt spray and UV
radiation are abundant. The challenge is in relating the behavior in these extremely
aggressive environments to other field exposures, where components and structures
would spend their service life. Even predicting the performance of a corrosion
protective coating on the seashore based on the behavior in a salt spray cabinet is not
straight forward. There is a real need for a better understanding of the influence of
stressing factors on coating performance and for more sensitive testing methods that
would allow performance assessments in shorter time periods. These are the topics of
several of the tasks described herein.
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Task 1: Direct optical interrogation of underfilm corrosion

1.1 Summary

An approach referred to as “Direct Optical Interrogation” (DOI) has been developed as an
extension of the thin film pitting approach developed and used by Frankel and others to study
and quantify corrosion damage accumulation under corrosion resistant organic coatings. Al
and Al-Cu alloy metallizations about 800 nm thick were deposited on glass substrates and
then coated with various coatings and coating systems. Samples were introduced to
aggressive environments and the progression of corrosion of the metallization under the
coating was monitored in situ using low power videography through the transparent backside
of the sample. DOI showed that corrosion under coatings was episodic, i.e. marked by
periods of intense corrosion propagation and long periods of passivation. Concurrent DOI
and electrochemical impedance spectroscopy (EIS) measurements show that EIS results must
be interpreted with caution. EIS measurements made when gas bubbles were trapped under
coatings or when corrosion sites were temporarily passivated yielded spectra that indicated
high corrosion resistance when, in fact, corrosion damage had occurred. Under free corrosion
conditions, under coating corrosion occurred at the very margins of stability. Availability of
cathodic current appeared to limit corrosion site growth. Systematic exploration of the effects
of a chromate and chromate-free conversion coatings, chromate and chromate-free primer
coatings and the presence or absence of a polyurethane topcoat confirmed the extraordinary
corrosion protection by chromates. A commercial praseodymium-pigmented primer coating
was not particularly effective in retarding undercoating corrosion site growth unless paired
with a chromate conversion coating. The presence of a topcoat in a conversion coating-
primer coating-top coat system dramatically reduced undercoating corrosion and masked
many deficiencies of a conversion coating or primer. DOI was used to compare undercoating
corrosion that developed due to exposure in ASTM B117, ASTM G85-A5 and outdoor
environments. Results showed that similar corrosion morphologies developed in ASTM
B117 and static immersion exposures. ASTM G85-A5 exposure produced different corrosion
morphologies. Calculation of corrosion growth rates indicated that, initially, the ASTM G85
environment was mild compared with the ASTM B117 and static immersion exposures.
However, with time, as the local environments evolved, the ASTM G85 exposure produced a
massive number of corrosion sites resulting in severe deterioration. Overall, the evidence was
consistent with the idea that both hydrogen reduction and oxygen reduction support local
corrosion site growth. In practical embodiments of corrosion protection, every effort should
be made to restrict oxygen reduction to slow corrosion growth rates.

1.2 Metallurgical Effects on Corrosion of Thin Metallic Films Under Organic
Coatings
1.2.1 List of Figures and Tables
Figure 1.2.1 Instrumental configuration with the side view of the sample.

Figure 1.2.2 Equivalent circuit models for the EIS fittings, (a) Simplified Randles circuit, (b)
defective coating model.



Figure 1.2.3 Sequence of images taken of the evolution of aluminum thin film coated with a neat
epoxy resin exposed to 0.3M HCI solution

Figure 1.2.4 (a) Total resistance, R, and (b) capacitance, C, of an Al thin film metallization with
neat epoxy coatings over top. This sample was exposed to 0.3M HCI.

Figure 1.2.5 Sequence of images taken of the evolution of aluminum thin film under a neat
epoxy resin during exposure to a 0.5M NaCl solution.

Figure 1.2.6 OCP results of the pure Al sample coated with neat epoxy exposure to aerated 0.5M
NaCl solution.

Figure 1.2.7 Bode plot and phase angle plot of pure Al thin film under neat epoxy coating
immersed in 0.5M aerated NaCl solution.

Figure 1.2.8 Bode magnitude and phase angle plots of pure Al thin film under neat epoxy
coating immersed in 0.5M aerated NaCl solution. (b) Nyquist plots from the same experiments.

Figure 1.2.9 (a) Linear extrapolation of Coating capacitance C. at 0 hour exposure. (b) Water
uptake for sample pure Al thin film under epoxy coating.

Figure 1.2.10 XRD results of “As sputtered” Al-Cu thin films (a) and “Aged” Al-Cu thin films
(b).
Figure 1.2.11 Cross-section of Al-Cu thin film in the aged condition.

Figure 1.2.12 (a) Bode magnitude and phase angle plots of Al-Cu thin film under neat epoxy
coating immersed in 0.5M aerated NaCl solution. (b) Nyquist plots from the same experiments.

Figure 1.2.13 (a) Coating capacitance Cc and defect capacitance Cq4 as function of time; (b)
Coating resistance Ry, and the total resistance Ry at 0.01Hz as function of time.

Figure 1.2.14 Corrosion morphologies developed under neat epoxy applied to “as-deposited”
(left) and aged Al-Cu thin films (right) at different exposure times.

Figure 1.2.15 SEM and EDS results of “As-deposited” Al-Cu thin film. (a) site 1; (b) site 2; (3)
site 3; (d) high magnification of circled area in (a); (e) high magnification of site 2.

Figure 1.2.16 SEM and EDS results of “Aged” Al-Cu thin film. (a) Whole corroded area; (b)
high magnification of circled area in (a); (c) high magnification of circled area in (b).

Figure 1.2.17 Single site perimeter (a) and pit bottom area (b) as a function of time by the image
analysis. The closed symbols indicate the original data; the regular lines are the linear fitting
results.

Figure 1.2.18 (a) Variation of the perimeter as a function of time for the first corrosion site in the
pure Al thin film, (b) plot of the site bottom area as a function of time for the first site (c) anodic
current densities as a function of time for the first corrosion site. The dotted lines are the original
data, the solid lines are fitting data.

Figure 1.2.19 (a) plot of the variation of the perimeter length as a function of time for site 3 in
the as-deposited thin film, b) a plot of the site bottom area as a function of time for site #3 in the
as-deposited thin film, ¢) anodic current densities as a function of time for sites #2 and 3 in the
as-deposited thin film. The dotted lines are the original data, the solid lines are fitting data.



Figure 1.2.20 (a) plot of the variation of the perimeter as a function of time for single corrosion
site in the aged thin film, b) a plot of the site bottom area as a function of time; c¢) anodic current
densities as a function of time for single corrosion site in Al-Cu thin films. The dotted lines are
the original data, the solid lines are fitting data.

1.2.2 Introduction and Background

Organic coatings are an important method for protecting metals and alloys against
corrosive environments[1]. It is reported that 90% of metals used in engineering applications are
covered with coatings[2]. However, due to the permeable nature of many organic coatings, water
and oxygen can penetrate through and reach the metal interface [3-6]. Therefore, the possibility
of eventual undercoating corrosion is a concern [7, 8].

It is useful to develop a method that can detect and visualize corrosion under organic
coatings[9], since most of the understanding of undercoating corrosion is derived from indirect
characterization methods such as electrochemical measurements[10], sensing coating systems
and coatings adhesion testing. Visual assessment of corrosion on coated substrates is usually
performed after-the-fact on an ex-situ basis and is not an approach for monitoring corrosion
during coating service. Therefore, a method to directly visualize corrosion occurring under a
coating system brings the possibility of characterizing and understanding the corrosion processes
in new and important ways; particularly if those methods can be carried out in real time and in
situ.

Some forms of corrosion, such as pitting, have been visualized directly from microscopic
measurements[11]. Edeleanu examined the pit propagation in thin aluminum foils that were
glued to glass foils. In this way, pit propagation along the aluminum foil could be observed in-
situ from the backside by a microscope[12]. Later, Baumgartner applied the same technique to
study the pit growth in pure aluminum[13] and pitting in Al-Cu and Al-Zn solid solutions was
investigated by Kndrnschild[14]. Crystallographic tunnels were observed to rapidly propagate
with sidewalls in (100) planes. The average rate of single tunnel event over its lifetime was
equivalent to 10 A/cm? but the momentary rates could reach 100 A/cm?. Later studies by
Newman et al. used 304 stainless steel foils sandwiched between two optical glass sheets to
study corrosion under potentiostatic conditions in 1 M NaCl solution[15]. Corrosion site growth
was recorded by a video camera in real time. Pit morphology, especially pit depth and pit width
were monitored and estimates of pit growth kinetics were made.

Thin film pitting corrosion provides a unique opportunity to study corrosion in situ [16].
As is the case with the earlier thin foil corrosion experiments, the small thickness dimension of
thin film metallizations results in corrosion that rapidly penetrates the metallization and reaches
the substrate. Corrosion then grows outward in two dimensions. Frankel was one of the first to
study so-called “thin film pitting” corrosion[17]. In his study, pure Al thin films with thicknesses
of 150 nm were deposited on glass slides using physical vapor deposition. Thin films then were
polarized at different potentials in 0.1 M NaCl solutions and pit growth was estimated visually,
Frankel found that both current densities and pit morphologies were dependent on the applied
potential[17]. At high potentials, pits were round and smooth and corrosion was controlled by
mass transport control, while at low potentials, pits were irregularly shaped convoluted and pit
growth occurred under ohmic control. In addition, hydrogen bubbles were observed at the pit
periphery, where metal thin films were actively dissolving.
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Measurement of pit growth under open circuit potential (OCP) conditions is very
difficult to study because pit growth rates are much slower. Generally speaking, OCP pit
morphology is more variable because it is constrained by the rate of the supporting cathodic
process[18]. Studies were focused on the influence of CI" and oxidizing agent such as Fe®'
concentrations on the morphology of pits growth in pure aluminum thin films by Balazs[18].
Results showed that pit morphologies were circular dense in high Fe** concentrations, which
Fe** reduction provided an additional cathodic reaction to support pit growth. Increasing CI
concentration would generate a smoother corrosion front, but this corrosion front extended out
into the thin films in the form of branches. Other factors reported to affect the pit geometry
include acidity and total ion concentration in solution[19].

Pitting corrosion in thin film metallization alloys has received a fair amount of attention.
Studies have been made on Al binary alloys[20], stainless steels [21] and NiFe alloys[22].
Newman et al. found that the pitting resistance of stainless steels thin films was higher than bulk
materials. In addition, the same trends of current density with applied potentials were found for
NiFe thin films as in Al thin films. However, the limiting current densities at high potentials
were found to decrease with increasing metallization thickness, which indicated that mass
transport and ohmic potential drop were dominant as the metallization thickness increased.

It is well known that an addition of Cu rich precipitates in Al matrix will enhance the
mechanical strength of 2xxx and 7xxx series alloys, which are commonly used in aerospace
applications. Al-Cu alloy thin films are often used in microelectronic devices due to the fact that
Cu can prevent electromigration damage. However, the present of Cu precipitates will increase
the susceptibility pitting corrosion in thin films. It has been reported that Cu precipitates can
affect the thin film oxide layer thickness and integrity[23]. Moreover, The formation of
constituent 6 phase (Al,Cu) also acts as cathodic reduction site, which increases corrosion
rates[24]. Studies on the microstructure of Al-Cu thin films have been studied by Frear et al. by
using magnetron-sputtered Al-2wt% Cu[25]. Results showed that 6 phase was evenly distributed
throughout the film both at aluminum grain boundaries and within aluminum grains in the as-
deposited condition. However, thin films annealed below the solvus temperature resulted in the 6
phase becoming coarse at grain boundaries and diminished within the grains. In a separate study,
the morphology of sputtered Al-0.5wt.% Cu thin films was compared with of pure Al thin films
with 50nm in thickness under free corrosion conditions. Results showed that the morphology of
pits developed in Al-Cu thin films was fractal-like and the precipitates caused more convolution
in shape[26]. However, no further work on Al-Cu thin films has been reported.

The Direct Optical Interrogation (DOI) technique is based on thin film pitting corrosion
approach. Coatings are applied on top of thin films and undercoating corrosion is in-situ
monitored by a microscope from the backside of the sample, which is deposited on a transparent
glass slide.

The objective of this research is to develop a technique to supplement traditional
investigation approaches for characterizing corrosion underneath of coatings by extending the
thin film pitting approach to coated metallizations. Studies reported in this chapter focus on the
effects of the metallurgical aspects of thin films under organic coatings on corrosion formation,
morphology and growth kinetics. Metallic thin films consisted of pure aluminum, Al-4.9 wt.%
Cu in both the as-deposited and artificially aged conditions. Undercoating corrosion damage of
three different metallic thin film substrates were monitored in situ using the DOI method.
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Corrosion morphology and corrosion growth kinetics of three metallic thin films under the neat
epoxy coatings were studied.

1.2.3 Experimental

Al thin films approximately 800 nm thick were deposited on transparent 75 x 25 x 1 mm
glass slides of size using a 99.99% pure aluminum source in a vacuum electron beam evaporator.
The average deposition rate was 10 A/s at an evaporation pressure of about 3 x 10 Torr.

The AI-Cu thin films 800nm in thickness were deposited on the same transparent glass
slide by physical vapor deposition using an Al-4wt%Cu target. The deposition rate was 1.8 A/s
at 5.5 x 10" Torr. The compositions of Al-Cu thin films were confirmed to be Al-4.9wt%Cu by
using inductively coupled plasma-optical emission spectroscopy (ICP-OES).

Two types of Al-Cu thin films were used. “As-deposited” samples were tested as
fabricated without any further heat treatment and were essentially solid solution alloys. The
“artificially aged” samples were heat-treated in air at 190 °C for 24 hours to induce precipitation
of 6’7, 6” and 0 phase (Al,Cu).

Al-Cu thin films were degreased for several seconds in a solution comprising 1.0 L
deionized of (DI) water containing 48.0g Na,CO3 and 32.4g Na,SiO3 at 65°C. After using DI
water to rinse the thin films, they were deoxidized for 3 minutes in a solution comprising 1.0 L
of DI water, 30.0g Sanchem 1000™ and 72.0 mL HNOjzat 55°C. Samples rinsed with DI water
and air dried at ambient temperature. Pure Al thin films were rapidly attacked by these solutions,
and contact times were limited to 1-2 seconds.

Organic coatings were applied using a spin coater. Coatings were applied using a rotation
rate of 250 RPM for 5 minutes. A neat epoxy primer PD381-94 (Aerospace blank coating-no
inhibitor) from Akzo Nobel was used. In order to simulate a coating with defects, an artificial
defect through the coating around 0.1 mm in diameter was made in the middle of the sample by
manual scratching with a sharp stylus.

A schematic of the DOI fixture is shown in Figure 1.2.1. A polymethylmethacrylate cell
with an o-ring and an exposed area of about 1 cm? was placed on top of the sample. A backing
plate of Plexiglass™ attached to the bottom of the cell was used to hold the sample. In the
middle of the plate a hole was made in order to allow capture of images of the sample using a
microscope. A transmitted light source located above the sample was used for illumination. A
QImaging™ Go-3 color CMOS camera attached to an Olympus SZ61 stereomicroscope was
located underneath the electrochemical cell and the sample. As corrosion progressed, the thin
sputtered film was perforated and transmitted light passed through the sample to the camera. The
progression of corrosion was recorded by Template™ video recording software. Selected images
of pit shape and size were collected using KMPlayer ™ and movies were made by VideoMatch
™ frame grabbing. Analysis of the collected images was conducted using ImageJ ™.
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Figure 1.2.1 Instrumental configuration with the side view of the sample.

Electrochemical impedance spectroscopy (EIS) was carried out using a Gamry Reference
600 potentiostat. Periodically measured EIS spectra were used to relate the extent and nature of
corrosion to imaging experiments. A standard three-electrode setup was used consisting of a
saturated calomel reference electrode and a platinum mesh counter electrode. Experiments were
carried out in naturally aerated 0.5 M NaCl solutions. In these experiments, the open circuit
potential was monitored for 20 minutes before conducting EIS measurement. The measurements
themselves were performed at a frequency range of 10° to 10 Hz using a 10mV sinusoidal
voltage perturbation applied with respect to OCP.

The EIS spectra were analyzed using Echem Analyst from Gamry Instruments Inc. The
impedance spectra for coated samples in 0.3M HCI solution was fit to a simplified Randles
model as shown in Figure 1.2.2 (a). Rs is the solution resistance. R and C are the total sample
resistance and capacitance, respectively. In the case of sample exposed to 0.5M NaCl solutions,
the coating acted as a barrier yielding a strongly capacitive response (C.) as shown in Figure
1.2.2 (b). Due to the presence of pores within the coating that act as ionic pathways, the
resistance of the pores must also be taken into account and the resistance is represented by the
parameter Ryo. Ry is the defect resistance when corrosion occurs at the interface and Cq is the
corresponding capacitance. The constant phase element (CPE) is used instead of pure
capacitance in the circuit because the capacitor does not exhibit an ideal capacitance response but
rather behaves like a “leaky” capacitor in the practical situation. The real capacitance can be
extracted from the following equation[27]:



1 1-n

C=Y"R" Equation 1.2.1

In this equation, C is the true capacitance, Y and n are CPE constant and exponent
respectively, R is the resistance.

(b)

Figure 1.2.2 Equivalent circuit models for the EIS fittings, (a) Simplified Randles circuit,
(b) defective coating model.

Low angle X-ray diffraction (XRD) was carried out using Bruker D8 Discover High-
Resolution Triple Axis X-Ray Diffractometer with Cu K, radiation at 40 kV and 40mA. The
incident angle was set to 1° and the detector scanned from 10° to 90° with scan speed at 0.1
sec/step and increment at 0.05. Data processing was conducted by Leptos™ and Topaz ™.

Cross-section samples of Al-Cu aged thin films were cut by focus ion beam (FIB) milling
and characterization was performed by transmission electron microscopy (TEM). Scanning
electron microscope (SEM) and energy dispersive spectrometer (EDS) was conducted after
sample exposure.

1.2.4 Results

In this study, all experiments were repeated at least in triplicate. There was variability
among experiments due to the complexity of the measurement and the nature of the corrosion
process. However, when replicate responses are not shown, the results used to illustrate
observations were judged to be representative.

The first task of the study was to determine if the DOI approach was capable resolving
the undercoating corrosion. Thus, several preliminary investigations were performed.
Experiments were conducted on the pure Al thin films coated with neat epoxy and exposed to 0.3
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M HCI solution. The evolution of undercoating corrosion morphology is shown in Movie 1.2.1.
The evolution of corrosion followed a general sequence of events. First, the corrosion activated
and quickly penetrated the thin film. Corrosion sites often formed away from the artificial defect
as shown Figure 1.2.2 (a). These sites tended to passivate temporarily resulting in episodic
growth. The second stage of corrosion involved uniform corrosion of the thin film sample. This
manifested as a gradual brightening of images as the Al thin film dissolved uniformly in Figure
1.2.3 (b).

(b)10.5h

(c)16.5h (d)18h

bubble

Figure 1.2.3 Sequence of images taken of the evolution of aluminum thin film coated with a neat
epoxy resin exposed to 0.3M HCI solution.

Hydrogen gas bubbles were commonly observed throughout the corrosion process
(Figure 1.2.3). When uniform corrosion started to occur, many small bubbles nucleated across
the surface of the coated sample. Because these bubbles were out of focus, they appear to be
attached to the top of the polymer coating and in the bulk electrolyte (Figure 1.2.3 (c)). These
bubbles are distinct from larger hydrogen bubbles in corroded regions under the coating. An
undercoating bubble from hydrogen gas coalesces under the coating and does not usually escape
through the small defect in the organic coating. Such bubbles are in the plane of focus and
clearly seen under the organic coating (Figure 1.2.3 (d)). The final stage of corrosion in these
experiments involves complete dissolution of the thin Al film and a decrease in of hydrogen gas
generation as the thin film becomes completely dissolved as shown in Figure 1.2.3(d).
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Figure 1.2.4 (a) Total resistance, R, and (b) capacitance, C, of an Al thin film metallization with
neat epoxy coatings over top. This sample was exposed to 0.3M HCI.

EIS spectra collected during these exposure experiments exhibit only one broad time
constant. Due to the intentional defect present in the samples from the outset of the exposure, the
HCI solution immediately contacts the Al thin film and the measured impedance is dominated by
the defect impedance. Measured spectra were fitted with a simplified Randles circuit model as
shown in Figure 1.2.2 (a) from which the total resistance (R) and sample capacitance (C) were
estimated. The variation in polarization resistance and capacitance as function of exposure time
are shown in Figure 1.2.4. There are three distinct regimes in both data sets that can be

10 15
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discriminated based in part by variations in the fitted R and C parameters and partly by visual
observations from DOI. At early times, corrosion was activating and increasing. R is observed to
fall and the sample capacitance increased. DOI shows multiple corrosion sites nucleating and
growing. This regime is termed “activation”. At intermediate times, R is steady at a low value
and capacitance is steady at relatively high values. This response is consistent with propagation
of corrosion. Because the corrosion process is occurring under free corrosion conditions, the
corrosion rate in this regime may be limited by factors that control cathodic reaction kinetics. At
the end of the exposure period, DOI shows that corrosion sites have consumed large amounts of
the metallization with general thinning attacking the remainder. In this regime, R is observed to
increase and C decreases in a manner that is consistent with “exhaustion” of the corrosion
process due to complete consumption of the Al metallization.

Movie 1.2.2 shows the nucleation and growth of corrosion sites in an Al thin film
covered by a neat epoxy resin during exposure to aerated 0.5 M NaCl solution. The images were
collected every 2 hours. The first site started to grow after the sample was exposed to the
solution for 16 hours. The images show that morphology of the site was round and smooth and it
appeared to have nucleated at random locations across the sample and was not necessarily
associated with the intentional defect introduced before the exposure (Figure 1.2.5(a)). This site
grew in short episodes separated by long periods of passivity. As time elapsed, more corrosion
sites nucleated at different locations across the sample surface. All these sites connected with one
another until the aluminum layer was completely dissolved (Figure 1.2.5(d, €)). As was the case
in 0.3 M HCI exposures, gas bubble formation and trapping under the coating was observed
(Figure 1.2.5(f)).

Corrosion site growth was record every 2 minutes as shown in Movie 1.2.3. The growth
of a single site was episodic. In this experiment, the first site nucleated when the sample was
exposed to the solution for 16 hours and grew for a short period of time (30 minutes) followed by
the site passivation for 7 hours. The second stage of the same corrosion site growth started after
the sample was exposed to solution for 24 hours with growth period of 26 minutes. After the site
repassivated for 5.5 hours, a second corrosion site started to grow with a short growth time
followed by growth of a third site. Moreover, the first site was still passive (i.e. the corrosion site
size did not change) during growth periods for the second and third sites (Figure 1.2.5(b, c)).
This suggests that there is a limitation on the cumulative dissolution rate, or the ability to
generate and sustain a critical local environment chemistry that is imposed by the cathodic
reaction.

Electrochemical impedance spectroscopy (EIS) was carried out during exposure and
imaging experiments to relate the extent and nature of corrosion to periodically measured EIS
spectra. In these experiments, the open circuit potential (OCP) was monitored for 20 minutes
before conducting the EIS measurement. Figure 1.2.6 shows the OCP results changing with
exposure time. The OCP initially moved to higher values due to the incubation time of solution
penetrated through the pores of coating and reached the substrates, which resulting in increasing
cathodic area to support the oxygen reduction reaction. The first site started to grow indicated by
the sudden drop in OCP to about -1.1V vs. SCE, which agreed with the movie captured by the
microscope. The OCP then increased due to repassivation of the first site followed by the
dramatic fluctuations of OCP resulting from the subsequent nucleation and growth of corrosion
sites at different locations. It is known that the fluctuation of potential on the metal surface
associated with the changing corrosion rate and changing corrosion morphology[18]. In this case,
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time-lapse microscopy suggests that time-dependent potential changes are due to episodic
growth multiple corrosion sites.

(b) 30h
\defect l .

(f) 80h

1mm

Figure 1.2.5 Sequence of images taken of the evolution of aluminum thin film under a neat epoxy
resin during exposure to a 0.5M NaCl solution.
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Figure 1.2.6 OCP results of the pure Al sample coated with neat epoxy exposure to aerated 0.5M
NaCl solution.

The EIS spectra of an Al metallization coated with a neat epoxy resin exposed to aerated
0.5 M NaCl solution are shown in Figure 1.2.7. The Bode plots indicate a defective coating and
progressive corrosion is indicated. Up to 16 hours of exposure, the decrease in impedance in the
high frequency regime (> 10 Hz) indicates water uptake. Movie 1.2.2 shows that the thin film
was intact up to 16 hours of immersion. The sudden drop at in the impedance magnitude at 16
hours of exposure indicated that undercoating corrosion initiated.

Regular trends in coating resistances and capacitances can be affected by bubbles that
block exposed surface areas or by corrosion product that plug coating defects, resulting in an
increase in total resistance after corrosion has initiated as shown in Figure 1.2.8 (a). The low
frequency regime, which represents corrosion at interface, only shows capacitive behavior after
16 hours. Moreover, the Bode plot curves shift to larger magnitudes after 16 hours. The Nyquist
plot of the sample is shown in Figure 1.2.8 (b) shows the irregular trend of the low frequency
regime, which the defect resistance increased and decreased with longer exposure.

The coating capacitance C; is sensitive to water uptake. Brasher and Kingsbury proposed
an empirical relation that is widely used to estimate the water uptake from the coating
capacitance [10, 28-31]:

c
log(c—;

o logen, o

In this equation, @,, is the water volume fraction, C; is the capacitance at time t, Cy is the
capacitance at time t = 0 when the coating is “dry”[29]. In this expression, the permittivity of

Equation 1.2.2

v
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pure water, ey, is usually taken to be 80 [32]. Equation 1.2.2 is based on the assumption that
the capacitance is dictated by relative permittivity of the coating as it takes up water[28].

7
10 —&— jnitia. DTA
106 —o— 1h.DTA

—o— 13hrs.DTA

10° —&— 16hrs.DTA

10*
103

102 I Y O T A Y A T
102 10t 1° 100 1* 10° 100 10° 1¢°

Frequency (Hz)

|Z]

0 | \HHH\ | \HHH\ | \HHH\ | \HHH\ | \HHH\ | \HHH\ | \HHH\ LI
102 10* 10° 100 10° 1006 100 10° 10°
Frequency (Hz)

Figure 1.2.7 Bode plot and phase angle plot of pure Al thin film under neat epoxy coating
immersed in 0.5M aerated NaCl solution.

The coating capacitance determined as a function of time is shown in Figure 1.2.9 (a). It
should be noted that coating capacitance linearly increased until 11 hours of exposure and
leveled off at the later stage. Water uptake was calculated according to Equation 1.2.2 and is
shown in Figure 1.2.9 (b). In this figure, water content increased up to 25% in a short time and

reached a plateau afterwards.

Corrosion evolution for as-deposited Al-Cu thin films and artificially aged Al-Cu thin
films were studied and compared. Low angle x-ray diffraction (XRD) in Figure 1.2.10 shows as-
deposited thin films are Al-Cu solid solutions and only aluminum diffraction peaks were
detected. Al-Cu metallizations aged at 190 °C for 24 hours show Al,Cu diffraction peaks in
addition to aluminum peaks indicating a dispersion of Al,Cu (0 phase and its precursors 6°” and

0’).
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Figure 1.2.8 Bode magnitude and phase angle plots of pure Al thin film under neat
epoxy coating immersed in 0.5M aerated NaCl solution. (b) Nyquist plots from the
same experiments.
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The microstructure of aged AI-Cu metallizations is shown in the cross-section TEM
micrograph in Figure 1.2.11. The Al-Cu aged films consisted of columnar grains small white,
plate shape precipitates distributed at the grain boundaries with a length around 150 nm. A large
amount of spherically shaped particles that were aggregated at the substrate interface were also
observed. Both two types of precipitates were rich in Cu as shown in Figure 1.2.11.
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Figure 1.2.11 Cross-section of Al-Cu thin film in the aged condition.

Movie 1.2.4 shows as-deposited Al-Cu thin film coated with a neat epoxy resin exposed
to aerated 0.5M NacCl solutions. The experiment was terminated before one of the corrosion sites
undercut the mask. In the example shown in Movie 1.2.4, the first site nucleated at the
intentionally introduced defect. Unlike the round shaped sites formed during corrosion of pure Al
thin films under epoxy coating, corrosion in Al-Cu thin films occurred rapidly along an irregular
front. An irregularly shaped site was formed within 7 days of immersion. With the first corrosion
site passivated, two new small sites with round shapes nucleated subsequently. However, one of
the sites rapidly passivated after short episode of growth, the other continued to grow in certain
directions and formed an irregularly shape site. Overall, each corrosion site grew slower and
growth was more sporadic. Site stability appeared to be reduced resulting in multiple site

17



attempts and multiple small corrosion sites. A third corrosion site initiated and grew in a smooth
round shape initially suggesting mass transport controlled growth. At longer times, this pit grew
irregularly suggesting growth under ohmic control[33].
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Figure 1.2.12 (a) Bode magnitude and phase angle plots of Al-Cu thin film under neat epoxy
coating immersed in 0.5M aerated NaCl solution. (b) Nyquist plots from the same experiments.

The growth of a single site over the span of a day was recorded by collecting one frame
every 20 minutes as shown in Movie 1.2.5. From the movie, two types of corrosion propagation
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were observed. The first was extension of the corrosion site from perimeter by growth of short,
thin channels into the undissolved metal layer. The growing segment changed directions
randomly. Segments that were observed to stop were never observed to grow again. When a
growing perimeter segment stopped, a new segment activated and grew. The second propagation

mode was growth along the entire perimeter. The perimeter moved along at the same speed into
the undissolved metal film region.
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Figure 1.2.13 (a) Coating capacitance Cc and defect capacitance Cq as function of time; (b)
Coating resistance Ry, and the total resistance Ry at 0.01Hz as function of time.
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Bode and Nyquist plots of EIS data collected during free corrosion exposure of a neat
epoxy coated Al-Cu metallization in aerated 0.5 M NaCl solution are shown in Figure 1.2.12.
From the Bode plots (Figure 1.2.12 (a)), a defective coating response characterizes the data for
the most part. An exception is the persistent capacitive behavior at the lowest measured
frequencies. At these frequencies, a resistive response is often found when corrosion is occurring
under a coating—as was the case in these experiments. Because periods of active corrosion were
sporadic, it is possible that the EIS spectra were collected at periods where sites were not
growing quickly or were not growing at all. The coating capacitance (C), pore resistance (Rpo),
defect capacitance (C4) and defect resistance (Rq) were extrapolated from fitting EIS spectra with
Echem Analyst™. Due to the capacitive behavior of EIS response at the very low frequency, the
defect resistance could not be obtained from fitting results. Thus, total impedance at 0.01 Hz was
used to represent the defect resistance. The results are shown in Figure 1.2.13. It should be noted
that the coating capacitance increased only slightly and the resistance decreased. However, the
defect capacitance and total impedance did not show a regular trend as function of time.
Therefore, the EIS response could not detect the undercoating corrosion accurately if the site
growth was intermittent in nature.

Movie 1.2.6 shows a representative example of an aged Al-Cu thin film coated with neat
epoxy. Images were captured at 20 minutes time intervals. A single corrosion site nucleated at
the intentional defect made in the sample and grew as a cluster in one direction following a
winding path outward from the defect, similar to the corrosion growth behavior of as-deposited
Al-Cu thin films. Once the corrosion front stopped growing either by touching the other
corrosion fronts or touching the tail of the site itself, another site initiated and started to
propagate. Only one site was observed to propagate at a time and segments from different
regions of the perimeter propagated alternately. The evolution of single site growth over longer
periods of exposure was recorded in movie 1.2.7. In this movie, the site grew outward radially
from its perimeter and the corrosion front proceeded in random directions. A comparison of
corrosion morphologies that developed in as-deposited and aged thin films is shown in Figure
1.2.14.

Under neat epoxy resins, Al-Cu thin films produced different corrosion morphologies and
different growth kinetics depending on metallurgical conditions (as-deposited vs. aged) and
corrosion site age. Early in the growth process, corrosion site growth was consistent from one
site to the next in aged and as-deposited samples (Figure 1.2.14 (a), (b)). At longer times,
multiples sites nucleated in the as-deposited thin films, while few or only a single site nucleated
in the aged sample (Figure 1.2.14 (c), (d)). Another observation worth noting was that in the
aged sample, the corrosion site propagated and circled around the defect resulting in the
formation of undissolved islands (Figure 1.2.14 (d), (f)). Once these islands detached from the
bulk surrounding thin film, they were not exposed to further dissolution until new sites
propagated inside of the islands and after the circled area was consumed, the corrosion path
extended out in a new direction (Figure 1.2.14 (f)). The corrosion front became smooth at the
repassivation region and a ring was formed at the corrosion front wall.
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islands

Figure 1.2.14 Corrosion morphologies developed under neat epoxy applied to “as-deposited”
(left) and aged Al-Cu thin films (right) at different exposure times.

After corrosion experiments, the neat epoxy coating was removed using a PR-3500
Aircraft Epoxy paint remover. Scanning electron microscopy (SEM) was carried out to analyze
the corroded area under the coating (Figure 1.2.15 and Figure 1.2.16). In the as-deposited
metallization sample in Figure 1.2.15, all three corrosion sites were covered with a layer of
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corrosion product inside of corroded area. These sites contained concentric rings of corrosion
product at the corrosion front wall. Figure 1.2.15 (d) shows a higher magnification SEM
micrograph from the circled surface region of Figure 1.2.15 (a). White dendrites precipitated
inside of the site separated from the undissolved Al-Cu thin film by corrosion products. Similar

results were shown in Figure 1.2.15 (e) for the second round shape site nucleated at 7 days of
exposure.

(a) (b)

Figure 1.2.15 SEM and EDS results of “As-deposited” Al-Cu thin film. (a) site 1; (b) site 2; (3)
site 3; (d) high magnification of circled area in (a); (e) high magnification of site 2. Continued.
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(e) Figure 1.2.15 Continued

.d.

Al

The chemical composition of the surface layer was analyzed using EDS. The site
contained two rings (indicated by darker grey color) separated by the light grey gap. EDS results
shown that inner rings contained corrosion product with higher concentration of Al compared
with the surrounding light grey area, where the corrosion products were removed when the
coating was removed. The other element such as Ca, Na, K, Mg et al. were from the glass slide
substrates doped with these elements. The outer rings closest to the corrosion front wall
contained corrosion product same as the inner ring. Moreover, white precipitates were Cu-rich
dendrites that had formed by dissolution and replating[24] in the area close to the wall. These
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dendrites were continuous concentric ring with several layers, which represented corrosion front
at different times during evolution of the site. These may have played a role in passivating the
corrosion front wall surface, thereby interrupting corrosion site growth and preventing the
formation of large corrosion sites. A porous layer of corrosion products was formed between the
wall and the Cu-rich ring.
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Figure 1.2.16 SEM and EDS results of “Aged” Al-Cu thin film. (a) Whole corroded area; (b)
high magnification of circled area in (a); (c) high magnification of circled area in (b).
Continued
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Figure 1.2.16 Continued.

ek enep g

Figure 1.2.16 shows the SEM and EDS results of corrosion in an aged thin film
metallization. Corrosion product covered the entire corrosion area. Cu-rich dendrites appear as
white spots in Figure 1.2.16 (a) were also observed inside of the site. Similar to the as-deposited
metallization, Cu precipitated at the wall Figure 1.2.16 (b) and (c)). Two types of Cu precipitates
were formed. One was the dendrite with the size around 10-15 um and the other was needle
shape with smaller size. This morphology suggests Cu dissolution and replating as is the case in
the as-deposited sample, but in a different corrosion morphology perhaps due to a lesser degree
of Cu dendrite layer continuity along the corroding wall.

1.2.5 Discussion

Several conditions were investigated of metallic thin film corrosion under epoxy coatings
at the open circuit potential. The thin film nature of the samples makes the corrosion attack under
26



the coating visible. Therefore, the DOI approach provides a unique opportunity to study the
undercoating corrosion damage accumulation both qualitatively and quantitatively.
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Figure 1.2.17 Single site perimeter (a) and pit bottom area (b) as a function of time by the image

analysis. The closed symbols indicate the original data; the regular lines are the linear fitting
results.

Due to the thinness of the metallizations, the corrosion damage of thin films spread out
laterally under the organic coatings. In terms of classification, this corrosion is more similar to
crevice corrosion than it is to pitting. Corrosion occurs at the margins of the corrosion site, which
can be far away from the opening in the coating that connects to the bulk environment. The
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distinction between crevice corrosion and pitting is important to consideration of the evolution of
local environments and kinetic control of the corrosion process.

In the case of pure aluminum under epoxy coating, corrosion morphologies were
observed to be smooth and in some cases nearly round. Corrosion sites each grew intermittently,
at different rates and in complex shapes complicated the determination of site perimeter, area and
current density. Corrosion sites also coalesced. However, at short exposure times, before
coalescence, quantitative analysis of site growth kinetics was possible.

For example, in an epoxy-coated pure Al thin film metallization exposed to 0.5 M NaCl
solution, 3 sites nucleated and grew (Figure 1.2.5 (a-c)). Corrosion site growth kinetics were
assessed based on the study of bare thin film pitting corrosion model put forth by Frankel[17],
the variation in site perimeter and area for the three sites is shown in Figure 1.2.17 prior to site
coalescence.

After an initial induction period, the corrosion site perimeter and bottom area were
observed to vary linearly with time and time squared, respectively. The site perimeter, P was
linearly dependent on time, t, according to[17]:

P=C; xt Equation 1.2. 3

where C; (cm/s) is a constant whose value is estimated from the slope of the data shown
in Figure 1.2.17 (a). The site bottom area, A, was linearly dependent on the square of time,
according to:

A, =C, X t? Equation 1.2. 4

where C, (cm?/s?) is a constant whose value is estimated from the slope of the data shown
in Figure 1.2.17 (b). From Faraday’s Law, and the constant terms in equations 1.2.3 and 1.2.4,
the anodic current density, i, (A/cm?), can be estimated as[17]:

__ 2npFG;

«= Ty Equation 1.2. 5

where p is the density of Al (g/cm®), n is equivalents of change per mole of Al reacted
(eg/mol), M is molar mass of Al (g/mol) and F is Faraday’s constant (C/eq).

Using this approach, the anodic current densities of the three sites were estimated to be
1.45 Alem?, 2.81 Alcm? and 4.12 Alcm?, respectively. For comparison, in 100 nm bare Al thin
film, pits growing under anodic polarized potentials exhibited anodic current densities ranging
from 18-30 A/cm?[17]. It is reported that the anodic current densities were decreasing with
increasing the thin film thickness[22]. Therefore, these values were in good agreement with
other results[17, 34]. Not surprisingly, corrosion sites grow much slower under OCP conditions
in the presence of an organic coating.

In the case of bare thin film pitting corrosion under potentiostatic control, the diffusion
path and ohmic potential drop are constant and the pit current density is invariant with time[22].
This is not the case in these experiments. Both diffusion and ohmic potential drop were playing
an important role in controlling the corrosion process and both were expected to change with
time.
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As a result, it was necessary to fit pit perimeter and pit bottom area data using nonlinear
regression [22] as shown in Equation 1.2.6 and 1.2.7, and the resulting the current densities were
time-dependent (Equation 1.2.8).

P =a;t + a,t? Equation 1.2. 6
Ap = b t? + byt3 Equation 1.2. 7

. __ pnF 0Ap(t) 1 .
i,(t) = ot P Equation 1.2. 8
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Figure 1.2.18 (a) Variation of the perimeter as a function of time for the first corrosion site in the

pure Al thin film, (b) plot of the site bottom area as a function of time for the first site (c) anodic

current densities as a function of time for the first corrosion site. The dotted lines are the original
data, the solid lines are fitting data.
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Where aj, a,, b; and b, are constants. Figure 1.2. 18 (a-b) shows the current density
calculations for a neat epoxy pure Al thin film metallization. The closed symbols indicate the
original data and the red curves were the fitting results for perimeter and bottom area,
respectively. The fitting equations were substituted into Equation 1.2.8 and the anodic current
density was calculated as shown in Figure 1.2. 18 (c). The analysis results show that the anodic
current density itself decays with time. Growth kinetics obeyed power growth laws:

i = KtP Equation 1.2. 9

where K and b were determined by fitting [34], and depend on alloy and environment[16,
35, 36] [37]. In this particular instance, site growth kinetics varied as:

i =K t7937 Equation 1.2.10

Corrosion sites growing in neat epoxy coated as-deposited Al-Cu thin film metallizations
under free corrosion conditions are shown in Figure 1.2.14 (e). Pit growth Kkinetic calculations
were carried out for “site 2” and “site 3”. Figure 1.2.19 (a) and (b) show the perimeter and area
calculations of the site indicated as “site 3” in the as-deposited Al-Cu thin film in Figure 1.2.14
(e). The red curves indicate the polynomial fit. The anodic current density of “site 2” and “site 3”
are shown in Figure 1.2.19(c). By fitting the anodic current density of “site 2” as a function of
time, the equation is shown as follows:

[ = Kyt 074 Equation 1.2.11

In the same way, analysis of site 3 lead to a power dependence of -0.98. The power
dependence of the kinetics from a corrosion site in an aged thin film sample was -0.88.

The steady-state current density estimates from these expressions yield values that range
from 4mA/cm? down to 0.2mA/cm?. The current density of aged thin films is slightly higher than
that of as-deposited condition. It should be noted that Cu additions to aluminum in solid solution
decreased corrosion site growth. However, once the 6 phase formed in aged Al-Cu thin films,
stability of corrosion sites increased.

Electrochemical impedance spectroscopy (EIS) was carried out during exposure and
imaging experiments to relate the extent and nature of undercoating corrosion to periodically
measured EIS spectra. Results showed that metallic thin films in 0.5M NaCl solution exhibited
defective coating response. The characterization of coating water uptake can be successfully
obtained by extracting the coating capacitance Cc from EIS spectra. However, as for the
undercoating characterization, a capacitance behavior was often revealed at the lowest measured
frequencies regardless of observation of corrosion by DOI method. Images analysis showed that
corrosion site growth was intermittent with long time in repassivation stages in between. If the
periodic collecting EIS spectra fell in the repassivation regime, only capacitance behavior was
observed at the very low frequency. Therefore, EIS measurement can only detect the corrosion
during it occurring, but not necessarily the existence of corrosion itself.

At longer undercoating corrosion propagation stage in both 0.3M HCI and 0.5M NacCl
solutions, the total resistance and capacitance varied irregularly with time, respectively. Different
from bulk materials, which contained supplemental metal dissolution, corrosion attack in thin
film corrosion was limited by the metallization thickness. The substrates exposure area was
“exhausted” with corrosion propagation for longest times. Moreover, bubble formation was
observed during corrosion propagation, which may have lead to an increase in the measured
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resistance that was not anticipated. Therefore, the bubbles under real coatings may affect
corrosion and EIS measurements.
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1.2.6 Conclusions

1. The Direct Optical Interrogation (DOI) technique was developed to assess undercoating
corrosion. Demonstration experiments were carried out using epoxy coatings on metallic thin
films, which were deposited on transparent inert glass slides. Thin film corrosion accumulation
underneath the coating systems was monitored in-situ using an inverted optical microscope.

2. Metallurgical effects were studied by using 3 different metallic substrates including pure
Al thin films, Al-4.9wt% Cu thin films in the “as-deposited” condition and “artificially aged”
conditions.

3. Single or multiple corrosion sites nucleated randomly across the exposure area. For pure
Al thin films, these sites were round and smooth. For the Al-Cu thin films as-deposited and
artificially aged condition, the corrosion occurred rapidly along an irregular front formed an
island shape.

4. EIS was carried out concurrently to characterize under coating corrosion. Results showed
that EIS was able to sense the water uptake of the coatings and nucleation of corrosion under
coatings. However, EIS spectra showed irregular trends after corrosion sites started to propagate
due to intermittent passivation and blocking due to bubble formation.

5. Ex-situ characterization was also conducted on the corroded samples under the coatings.
Coatings were removed after the experiments for scanning electron microscopy (SEM) and
energy dispersive spectroscopy (EDS) analysis. Results showed that for Al-Cu thin films, Cu-
rich dendrites were formed on the corrosion front wall during the corrosion process.

6. Quantitative estimates of the undercoating corrosion damage accumulation rates were
made. Corrosion rate (current density) was calculated using Faraday’s law by collecting the
corrosion site perimeter and bottom area. Results showed that the current densities decayed with
time according to power growth laws. However, different empirical constants were obtained
depending on different metallic thin films.

7. Cu additions to aluminum in solid solution decreased the stability of single corrosion site
growth. Multiple sites nucleated at the random locations suggested that Cu in solid solution did
not inhibit the nucleation of metastable corrosion sites. Nonetheless, the lower current density in
as deposited thin films suggested that Cu in solid solutions reduced corrosion site growth rates.
Once the 6 phase formed in aged AI-Cu thin films, corrosion site stability appeared to be
increased.
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1.3 The Effect of Organic Coating Systems on Undercoating Thin Film Corrosion

Formation, Morphology and Growth Kinetics
1.3.1 List of Figures and Tables

Figure 1.3.1 Instrumental configuration of the DOI setup.

Figure 1.3.2 (a) sample surface roughness. (b) Step height of the Deft primer on Al-Cu aged
thin films. (c) Cross section of sample surface roughness in the longitude direction as shown in

@).

Figure 1.3.3 SEM Cross-section of the coating products: (a) Deft primer; (b) Boegel/Deft
primer; (c) CCC/Deft primer; (d) Boegel/Deft primer/Topcoat.
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Figure 1.3.4 Images of the evolution of corrosion on chromate conversion coated aged Al-Cu
thin film exposed to 0.5M NaCl solution.

Figure 1.3.5 Image of Al-Cu aged sample coated with Deft primer after 6 days of exposure to
aerated 0.5M NaCl solution under high incident light intensity.

Figure 1.3.6 SEM and EDS results of Al-Cu aged thin films under Deft primer. (a) Corrosion
area under the primer. (b) Corrosion front at a repassivation region. (c) Corrosion front at active
growth region. (d-e) White precipitates.

Figure 1.3.7 Photographs of sample under Boegel and Deft coating after exposure. (a) Front
view; (b) Back view.

Figure 1.3.8 Images of the evolution of aged Al-Cu thin film with a Boegel conversion coating
(left) or CCC (right) coated with Deft primer exposed to 0.5M NaCl solution.

Figure 1.3.9 SEM and EDS results of Al-Cu aged thin films coated with a CCC/Deft coating
combination. (a) Corrosion area under the primer. (b) Corrosion front at a repassivation region.
(c) Corrosion front of site 1. (d) Corrosion front of site 2. () EDS result of site 1. (f) EDS result
of site 2. (g) EDS result of site 3.

Figure 1.3.10 Images of as deposited Al-Cu thin film under (a) Deft primer; (b)Boegel /Deft; (c)
CCC/Deft; (d) Boegel/Deft/Topcoat; (e) CCC/Deft/Topcoat exposed to 0.5M NaCl solution.

Figure 1.3.11 Photograph of Al-Cu aged thin film coated with a SrCrO4-pigmented epoxy
exposed to 0.5M NaCl solution.

Figure 1.3.12 Average current density calculations of Al-Cu-aged thin films with Deft primer
only as function of time. Three experiments were conducted under identical conditions.

Figure 1.3.13 Average current densities of (a) Al-Cu-aged thin films, (b) Al-Cu as deposited
thin films under various coating systems.

Figure 1.3.14 (a) Al-Cu-aged thin film under Deft primer exposure for 7 days. The evolution of
images captured by microscope every 300 minutes. (b) Vectors emanated from a point and
intersected the perimeter at different directions, (c) Vectors were selected perpendicular to the
corrosion front.

Figure 1.3.15 (a) Estimated local current densities along vectors shown in Figure 1.3.14 (b); (b)
Estimated local current densities along vectors shown in Figure 1.3.14 (c).

Figure 1.3.16 Local current densities as function of time for various coating systems. Solid lines
represent the average values of local current densities.

Figure 1.3.17 Single round shape corrosion site nucleated in the AI-Cu thin film at “as-
deposited” condition coated with Boegel conversion coating and Deft primer. Site radius as
function of growth time. Scatter plot was the original data and the red solid line was the fitting
curves.

1.3.2 Introduction and Background

Detection and monitoring of corrosion underneath organic coatings is useful for
diagnosing coating performance during service. Techniques that promise non-destructive and in-
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situ features are necessary to develop for corrosion measurement, detection and monitoring[1]. In
order to study the corrosion underneath organic coatings, it is necessary to take into account the
properties of organic coating systems. Typically, coating systems consist of multiple layers with
thicknesses ranging from nanometers to millimeters[2, 3]. These layers usually comprise a
conversion coating, a primer and a topcoat, each having a different role in protecting the metal
substrate against corrosion [4, 5]. Conversion coatings are formed by reaction of the metal
surface in an aqueous solution, not only providing a barrier against corrosion but also increasing
adhesion for the application of the primer[6]. The primer, which is usually an organic coating,
contains the pigments that provide corrosion inhibition, significantly increasing the protection
provided by the coating system[7]. The topcoat often acts as a direct barrier separating the metal
from a corrosive environment [4].

Well known conversion coatings are phosphate layers on steel and chromate conversion
coatings (CCC) on aluminum and its alloys[6]. The latter is used widely due to its excellent
corrosion protection compared with other conversion coatings[8, 9]. Alodine 1200S is an
example of a CCC that is used commonly in aircraft applications[10, 11]. CCCs are generally
amorphous, nonporous inorganic coatings with the thicknesses ranging from 0.0lum to
0.3um[12]. CCCs form spontaneously by the chemical and electrochemical reaction of substrates
with aqueous solutions containing hexavalent chromium ions and acids (mainly HF with a pH of
about 1.7). Up to 20% of the unreacted hexavalent chromate (Alodine 1200S) is adsorbed in the
CCC as the coating is formed[6]. This fraction of chromate is leachable from the coating for
some time after deposition and can be released and transported to coating defects where it acts to
stifle electrochemical activity in a manner referred to as “self healing”, which is the signature
property of CCCs.

Among the various types of coating systems, organic coatings are commonly utilized
because they can effectively protect metal substrates against corrosion at low cost[2, 7]. Organic
coatings can offer protection by forming a physical barrier that can retard the transport of
aggressive agents (e.g. oxygen and water) to the metal surface. However, all coatings are
permeable to water, oxygen and other ions that initiate the corrosion processes to some extent[2,
13]. In fact, most coatings contain some amount of water throughout most of the coating’s
service life[6]. Therefore, barrier protection provided by the organic coatings is limited.

Studies have been conducted focusing on chemical inhibition provided by organic
coatings. Actively inhibiting pigments are often added to primers, and primers containing
SrCrQO4-pigments are widely used for high strength Al alloys used in aerospace applications[14].
SrCrQ, is a sparingly soluble pigment that dissolves yielding chromate and strontium ions[8].
The solubility of SrCrO, is such that chromate is released in quantities sufficient for inhibition,
but not so high that wet adhesion is degraded or that the inhibitor reservoir is exhausted
quickly[15]. It is known that chromates are good oxygen reduction reaction inhibitors[8]. They
also passivate reactive intermetallic phases that exist in Al alloys[12]. Unfortunately, Cr®" is
toxic and a cancer-causing agent, whose use is severely restricted by international environmental
regulations[16, 17]. As a result, significant efforts have been made to develop alternative
chromium-free conversion and primer coatings[18].

Organic coatings containing environmentally friendly pigments such as rare earth
compounds have been found to be potential candidates to replace chromate primers[19-23].
Among the common rare earths: Ce, La and Pr, Ce has been found to be the most effective by
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many measures. Rare earth metal inhibitors provide cathodic inhibition by precipitation on the
intermetallic particles, which reduces the oxygen reduction reaction rates and the rate of the
corrosion cell process [23, 24]. The rare earth metal praseodymium (Pr) is also a corrosion
inhibitor, but it is rarer, and less effective that Ce. Nonetheless, Pr-pigmented coatings have been
developed and are qualified for military use. Pr compounds can be sparingly soluble as required
for primer coating pigments and the ions released inhibit oxygen reduction thereby slowing the
corrosion cell process[25]. Additionally, it has been shown that Pr ions are released from Pr-
based coatings when they exposed to a corrosive environment[26].

Practical tests and methods for monitoring the corrosion of organic coated metals has
been the subject of considerable scientific investigation. Monitoring the process of corrosion
underneath organic coatings can enable one to predict the lifetime of organic coatings [7].
Electrochemical impedance spectroscopy (EIS) is a well-established method that can provide
quantitative coating failure mechanisms as well as information such as coating degradation,
adhesion, and corrosion rate[18, 27-31]. EIS measurements can be made in simulated service
conditions[32, 33], they can be performed in situ, allowing for the assessment of the coating
quality and the monitoring of corrosion processes as a function of time[34, 35]. However, EIS is
only an indirect method of assessing undercoating corrosion damage accumulation. Results of
these measurements need to be interpreted properly and carefully to obtain meaningful results. In
this regard, a method to directly observe undercoating corrosion damage accumulation may
provide considerable advantages.

For these reasons, the objective of this work is to investigate an approach that can directly
monitor the damage underneath organic coating systems in situ. After demonstrating the utility
of this fabrication approach for idealized coating systems in Section 1.2, Direct Optical
Interrogation (DOI) methods were extended to more realistic coating systems based on
incumbent and emergent coating technologies. The effects of local environments in organic
coating systems on thin film corrosion formation, morphology, and growth kinetics were
assessed by DOI.

1.3.3 Experimental

The AIl-Cu thin film metallizations 800nm in thickness were deposited on transparent
glass slides by physical vapor deposition using an Al-4wt%Cu target. The deposition rate was
1.8A/s at 5.5 x 107 Torr. The compositions of Al-Cu thin films were confirmed to be Al-
4.9wt%Cu by using inductively coupled plasma-optical emission spectroscopy (ICP-OES).

Two types of Al-Cu thin films were used. “As-deposited” samples were tested as
fabricated without any further heat treatment and were essentially solid solution alloys. The
“artificially aged” samples were heat-treated in air at 190°C for 24 hours to induce precipitation
0’’, 0’ and 6 phase (Al,Cu).

Al-Cu thin films were degreased for several seconds in a solution comprising 1.0 L
deionized of (DI) water containing 48.0g Na,CO3 and 32.4g Na,SiO3 at 65°C. After using DI
water to rinse the thin films, they were deoxidized for 3 minutes in a solution comprising 1.0 L
of DI water, 30.0g Sanchem 1000™ and 72.0 mL HNO; at 55°C. Samples were rinsed with DI
water and air dried at ambient temperature.
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After demonstrating the utility of this fabrication approach for idealized coating systems
in Chapter 3, methods were extended to the preparation of new and more realistic coating
systems.

Each coating systems consisted of a conversion coating and a primer. Some samples were
then finished with a topcoat; others were not. The first conversion coating was a Boegel
(AC131CB), which is a high performance non-chromate conversion coating. It is used to
enhance the adhesion of the organic primer to metal substrates and is not intended to confer
much corrosion resistance by itself[36, 37]. Formation of a mixed Zr/Si oxide coating results
from a sol-gel reaction induced by an aqueous solution with 3 to 30% solids. Al-Cu thin films
were immersed in the Boegel solution for 5 minutes and were then allowed to drain and air dry at
ambient temperature for 24 hours before application of a primer coat. The resulting Boegel
conversion coating was transparent. The second conversion coating used was a chromate
conversion coating (CCC) (Alodine 1200S from Henkel Inc.). CCCs form a protective coating
on the metal surface with iridescent golden color. The pH of the solution was measured to be
1.58. Al-Cu films were immersed into Alodine 1200S for 45 seconds and then rinsed with DI
water at ambient temperature. Conversion coated samples were air dried at room temperature for
24 hours prior to application of a primer.

Several primer coatings were evaluated. The first is a chromium-free primer Deft
02GN084 (MIL-PRF-23377J 2), which is a 2-part epoxy primer pigmented with a blend of
PrO/Pr(OH)s, CaS0O,, and TiO,. The second was a home-made primer comprising a neat epoxy
PD381-94 (Aerospace blank coating-no inhibitor) from Akzo Nobel and 5wt% SrCrO, pigment.
All primers were mixed under ambient laboratory conditions and were applied by drawdown bar.
The panels were air-dried at ambient temperature for 24 hours before being cured in the oven at
150°F for 48 hours.

A polyurethane Eclipse® high solids polyurethane aircraft topcoat was used on top of
primers in certain experiments. This is a chemically cured, low VOC topcoat designed to provide
premium gloss. The panels which were coved with a topcoat were also applied by drawdown bar.

Figure 1.3.1 illustrates the experimental setup used for direct optical imaging in these
experiments. In this setup, electrical tape was applied to the sample as a mask on top of any
coating. The exposure area was 0.32 cm?. A polyvinyl chloride (PVC) tube with a diameter lager
than the exposure area was glued on top of the tape. All the experiments were terminated before
the corrosion sites undercut the mask. A transmitted light source located above the sample was
used for illumination. A QImaging™ Go-3 color CMOS camera attached to an Olympus SZ61
stereomicroscope was located underneath the sample. As corrosion progressed, the thin sputtered
film was perforated and transmitted light passed through the sample to the camera. The
progression of corrosion was recorded by Q-capture Pro™ recording software. Images of
corrosion sites shape and size were collected at different time intervals. Analysis of the collected
images was conducted using ImageJ "™ and Photoshop. The movies were made by VideoMatch
™ frame grabbing.
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Figure 1.3.1 Instrumental configuration of the DOI setup.

1.3.4 Results

Each combination of metallic thin film substrate epoxy coating system was repeated at
least in triplicate. Exact reproducibility is not attainable due to the complexity of each
measurement. However, the results shown here were judged to be the most representative of the
sample condition examined.

Coating thickness was determined by optical profilometry (Veeco Contour GT-K1 OP
analysis). The edges of the samples were covered with scotch tape before applying the coatings.
The scotch tape was removed immediately after applying the coating when the coatings were still
wet. After curing the coatings, optical profilometry was carried out to measure the step height,
which was taken as the coating thickness. The step heights were scanned from the center of the
sample to the edge of the sample at 5 to 6 different areas in order to estimate average thickness.
A typical scan is illustrated in Figure 1.3.2. The sample was Al-Cu-aged thin films covered with
Deft primer. The Deft primer had a smooth surface (Figure 1.3.2(a) and (c)) and the thickness of
the coatings was around 11.8um from Figure 1.3.2(b). The SrCrO,4 primer coating thicknesses
were around 10um and polyurethane topcoats were around 15um thick.
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Figure 1.3.2 (a) sample surface roughness. (b) Step height of the Deft primer on Al-Cu aged thin
films. (c) Cross section of sample surface roughness in the longitude direction as shown in (a).

Al-Cu thin films with different coating systems were mounted in epoxy and cross-
sectioned. These sections were polished lightly with SiC abrasive paper from 600 to 1200 grit
using successively finer papers. Samples were characterized by scanning electron microscopy
(SEM). Resulting micrographs are shown in Figure 1.3.3. In these images the substrate is at the
top of the micrograph and the coating components are towards the bottom. These images confirm
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the primer and topcoat thickness estimates derived from profilometry measurements. Pigment
particles inside of the Deft primer can be observed as white particles. The top coating was
around 15 to 20 pm in thickness from Figure 1.3.3(d). It was difficult to distinguish both Boegel
and chromate conversion coatings in the SEM micrographs because these coatings were thin and
did not present a distinguishing contrast (Figure 1.3.3 (b-c)). The region of light contrast between
the glass substrates and primer appeared to be Al-Cu metallic thin films.

Figure 1.3.3 SEM Cross-section of the coating products: (a) Deft primer; (b) Boegel/Deft
primer; (c) CCC/Deft primer; (d) Boegel/Deft primer/Topcoat.

Chromate conversion coatings provide corrosion protection to aluminum as stand alone
coatings. Boegel coatings are adhesion promoters that are not intended to protect against
corrosion in a stand-alone configuration. As a result, DOI imaging experiments were conducted
on chromate conversion coated samples only to assess their impact on substrate corrosion
behavior.
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Figure 1.3.4 Images of the evolution of corrosion on chromate conversion coated
aged Al-Cu thin film exposed to 0.5M NacCl solution.

Corrosion of conversion coated Al-Cu aged thin films was carried out during exposure to
0.5M NacCl solution. The evolution of undercoating corrosion morphology at 2 minutes intervals
is shown in Movie 1.3.1. In this movie, the sample was imaged at a magnification of 53.5x
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during an exposure period of 73 hours. In this experiment, corrosion initiated at an artificial
defect in the coating, which was made by mechanically scratching before the experiment.
Corrosion proceeded outward from the defect as shown in Figure 1.3.4(a). The initial stage of the
growth involved filiform-like propagation of a corrosion site resulting in 0.5mm wide corrosion
track. However, after 73 hours of exposure, the mode changed and corrosion began to spread
radially from the tip of the site. The active front grew and then segments repassivated before
several new localized sites began to propagate. A striking feature of the movie is significant
hydrogen bubble formation occurring at the active margins of film corrosion site. Small bubbles
moved away from active region and accumulated to form a big bubble behind the growing
margins. As the corrosion front moved forward during dissolution, the bubbles were left behind
in the interior of the corroded area attached to the glass substrate.

With longer exposure time, corrosion front moved out of the view of the microscope and
lower magnifications (33% and 14x) were used in order to capture further images. Figure 1.3.4(c-
f) shows the sample was exposed to solution for longer exposure time. In order to track the same
spot in different magnifications, a reference point was indicated in Figure 1.3.4(b, d, f).
Hydrogen bubbles continued formed at the corrosion front wall that were absorbed into larger
bubbles behind the corroding margin. Due to the increase of incident light intensity, the black
bubbles became bright.

Figure 1.3.5 Image of Al-Cu aged sample coated with Deft primer after 6 days
of exposure to aerated 0.5M NaCl solution under high incident light intensity.

The primer effects were investigated on artificially aged Al-Cu thin films coated with a
Deft primer during exposure to aerated 0.5M NaCl solutions. In these experiments, corrosion site
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morphologies and growth kinetics were observed and analyzed by the DOI method. These
experiments were terminated before the corrosion front undercut the edge of the exposure region.
Movie 1.3.2 shows the pictures captured every 10 minutes after the samples were exposed to the
solution for 80 hours. A single corrosion site nucleated from a defect site and corrosion occurred
rapidly along an irregular front and grew outward away from the defect. With one side of the
corrosion site repassivated, the corrosion propagated primarily and preferentially in one
direction. Eventually, the corrosion front at the repassivated region slowly became smooth with
an obvious corrosion product ring trailing the corrosion front. The most striking difference
between these experiments and the conversion coating-only experiments is that no hydrogen
bubbles were observed in these experiments, which suggested that corrosion rate was slower than
those samples under CCC. An image captured with higher incident light intensity is shown in
Figure 1.3.5. A large number of discrete sites nucleated across the whole surface. This is
consistent with a high-permeability, low-protection coating that allows ingress and interaction of
electrolyte and dissolved oxygen with the substrate. Primer coatings are not intended to provide
strong barrier protection as stand-alone coatings, and the widespread nucleation of corrosion
sites was an indication of that characteristic of primers.

After exposure, the primer was chemically stripped from the substrate. Care was taken
not to use mechanical action that would damage the underlying substrate, corrosion site or
corrosion product. SEM images of the corrosion under the primer are shown in Figure 1.3.6.
These images reveal bright corrosion product deposits along the edges of corrosion front at
repassivation region. Some of the deposits are quite large; up to 50 um in some cases (Figure
1.3.6(a). EDS results show that these deposits were rich in Pr. Other deposits consist of
collection of individual granules that are clustered tightly together, often in a band along the
corrosion site perimeter. Higher resolution images of the precipitates are shown in Figure 1.3.6
(b-e). EDS of bands of granules along the corrosion front walls show that Cu and Pr enrichment.
In order to eliminate the possibility that Pr was from the residual primer since both regions
chosen were rich in Pr, a random region on the thin film was selected as shown in Figure 1.3.6
(d). EDS result shows that this region only rich in Al and the rest of the elements such as Si, Na,
Ca, Mg were from glass substrate indicating that the primer was completely removed and that
where Pr was detected, it was mostly incorporated as part of the corrosion product. This suggests
dissolution of Pr pigment from the primer coating, release into the electrolyte in the coating and
deposition in and around corrosion sites. The presence of corrosion suggests that the Pr released
was not sufficient to inhibit undercoating corrosion in these experimental conditions.

The Cu observed in the corrosion product is present as discrete granules (Figure 1.3.6 (b,
C, €). These appear to be pure Cu crystallites or dendrites that have plated out from the
electrolyte in the thin film corroded area. The fact that Cu appears as discrete crystallites rather
than a continuous layer along a corroding margin suggests that Cu is released from the alloy
during corrosion, perhaps by a non-faradaic pathway[38]. Cu ions in solution then plate out at
local sites under the reducing conditions along the recently passivated corrosion margins leading
to the morphologies observed. Video imaging showed the region in Figure 1.3.6 (b) was
repassivated for only a short time prior to the conclusion of the experiment. Cu dendrites were
not continuous along the corrosion front wall. Along segments of the corrosion site that were
active up until the end of the experiment, Cu adopted a different morphology (Figure 1.3.6 (c)).
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Figure 1.3.6 SEM and EDS results of Al-Cu aged thin films under Deft primer.
(a) Corrosion area under the primer. (b) Corrosion front at a repassivation region.
(c) Corrosion front at active growth region. (d-e) White precipitates. Continued.
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Figure 1.3.6 Continued.
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In most of the region, Cu precipitates were not detected along the wall instead Cu was
found inside of the site such as “site 1, which is a large, isolated Cu dendrite and “site 2”” which
is a Cu dendrite attached to a small island of the undissolved alloy thin film. Once these regions
changed from active to repassivated, the Cu would precipitate along the wall similar as exhibited
in Figure 1.3.6 (e). In addition, round shaped corrosion sites of various sizes were found. The
largest of these was around 25um. In Figure 1.3.6(e), a white ring, which was rich in Cu, was
separated from the wall by aluminum corrosion products.

(a)

(b)

Figure 1.3.7 Photographs of sample under Boegel and Deft coating after exposure.
(a) Front view; (b) Back view.

It was found that Deft primer on its own did not provide strong corrosion inhibition.
Coating systems combinations were studied using Al-Cu aged thin films pretreated with
conversion coating (Boegel or CCC) and the Deft primer. Under the same primer, Al-Cu aged
thin films produce different corrosion morphologies and different growth kinetics depending on
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the conversion coating. A photograph of the sample with Boegel and Deft primer after exposure
is shown Figure 1.3.7. From the front view of the photo, blisters were observed where the
corrosion occurred underneath of the coating systems. The blisters extended out to the edge of
exposure area, where a circle was separated by two different colors. The corrosion damage was
also observed from the backside of the sample through the transparent glass slide. Movie 1.3.3
and Movie 1.3.4 show the early stages of corrosion growth under Boegel/Deft and CCC/Deft
conversion coating/primer combinations, respectively. Images of the growing sites were recorded
every 10 minutes. Similar growth modes were observed in other sites that propagated with a
filamentary morphology. However, the filaments were thinner than was observed when a Boegel
conversion coating was used. Comparisons were also made on corrosion site growth at further
exposure time as shown in Movie 1.3.5 and Movie 1.3.6 with 10 minutes time intervals for the
coating combinations of Boegel/primer and CCC/primer, respectively. In the case of thin films
under Boegel/Deft, corrosion radiated outward from the tip of activated segments of the
corrosion site similar to the case of thin films under Deft primer-only. Bubbles were observed
both at the active corrosion region and repassivation region (Figure 1.3.8(e)). In the case of thin
film under CCC/Deft, filiform corrosion behavior still continued with no bubbles observed
during the experiment. Another interesting feature is that applying a layer of conversion coating
either Boegel or CCC, suppresses widespread nucleation of corrosion sites. This is consistent
with the fact that conversion coatings limited the oxygen reduction occurring on the surface
across the exposure area.

Microstructural characterization of under coating damage was performed by SEM after
exposure. The primer was not easily removed by a PR 3500, aircraft epoxy paint remover from
the Boegel conversion coated samples, but was removed from CCC-treated surfaces. Therefore,
SEM results only could be obtained from the CCC sample as shown in Figure 1.3.9. It should be
noted that Pr rich deposits were observed both at the repassivation corrosion front and inside of
the corroded region (Figure 1.3.9(a), (b) and (f)). High magnification of SEM results showed that
at the corrosion front, there exhibited another form of precipitate other than Pr clusters (Figure
1.3.9(c) and (e)), which was rich in Cr. However, the amount of this type of deposit was small
compared with the one rich in Pr. A random location as indicated as “site 3” was selected on the
thin film surface. EDS revealed that Cr was still present on the thin film surface.

Conversion coated, primed and polyurethane topcoated AI-Cu aged metallizations
approximated the material system used in aerospace applications. The benefit of a polyurethane
topcoat was clearly evident as corrosion occurred much slower under these coating systems
compared with the samples without topcoat. Movie 1.3.7 and 1.3.8 show samples containing a
Boegel conversion coating and Deft primer and topcoat, and a a CCC, Deft primer and topcoat
respectively. Corrosion was slow, and images were collected no more frequently than once per
day. Though slower, the nature of corrosion propagation was similar to the samples without
topcoats. Corrosion occurred in episodes and periods of repassivation and growth lasted for
several days.

Coating elements were applied in various combinations to as-deposited Al-Cu thin films.
The same coating systems combinations were studied as described in section 1.3.2.3. The as-
deposited Al-Cu metallizations are solid solutions and Cu-rich precipitates that localize corrosion
and support oxygen reduction are absent.
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Figure 1.3.8 Images of the evolution of aged Al-Cu thin film with a Boegel conversion
coating (left) or CCC (right) coated with Deft primer exposed to 0.5M NaCl solution.
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Figure 1.3.9 SEM and EDS results of Al-Cu aged thin films coated with a CCC/Deft
coating combination. (a) Corrosion area under the primer. (b) Corrosion front at a
repassivation region. (c) Corrosion front of site 1. (d) Corrosion front of site 2. (e) EDS
result of site 1. (f) EDS result of site 2. (g) EDS result of site 3.
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Figure 1.3.10 Images of as deposited Al-Cu thin film under (a) Deft primer; (b)Boegel
/Deft; (c) CCC/Deft; (d) Boegel/Deft/Topcoat; (€) CCC/Deft/Topcoat exposed to 0.5M
NaCl solution.

Localized corrosion nucleation was widespread in both the samples with Deft primer-
only and Boegel/Deft combinations as shown in Figure 1.3.10(a-b). Due to the lower light
intensity, these sites could not be observed in Figure 1.3.10(a). Movie 1.3.9 shows the
propagation of small sites on the right side in Figure 1.3.10(b) with 10-minute intervals. The
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Movie shows that as corrosion sites grow large one portion of the site is active at a time
suggesting that the cathodic reaction was limited and only can support a certain amount of
oxidation at any time. After a burst of growth, the round shape site became irregular like a
consequence of a decrease in growth rate. In the end for both situations, the round shape site
became irregular and grew steadily.

The CCC and extra layer of topcoat acted as physical and chemical barrier and were
observed to reduce the initiation of corrosion sites Figure 1.3.10(c-e).

Figure 1.3.11 Photograph of Al-Cu aged thin film coated with a
SrCrQO,4-pigmented epoxy exposed to 0.5M NaCl solution.

A home-made primer comprising a neat epoxy PD381-94 (Aerospace no SrCrQO4
inhibitor) from Akzo Nobel and 5wt% SrCrO,4 pigment was applied as reference for detecting
corrosion inhibition provide by coating systems. Results showed that there was no indication of
corrosion initiation or growth in as-deposited or aged Al-Cu thin films under SrCrO,4 pigmented
epoxy coatings even after 2 months. Chromate inhibitor release was indicated by blanching of
the coating in the exposed area after exposure in aerated 0.5M NaCl (Figure 1.3.11). This
suggested that the SrCrO,4 pigments dissolve into solution releasing chromate inhibitors that
reinforce the passivity of the Al-Cu thin films alloy substrates.

1.3.5 Discussion

The DOI method, which takes advantages of using thin films as substrates, was utilized to
investigate corrosion damage accumulation in Al-Cu thin films with various coating systems
under free corrosion conditions in aerated NaCl solutions. The corrosion damage of thin films
spread out laterally under the organic coatings and as corrosion sites grow they form deep lateral
crevices under the coating.
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The true anodic current density can be determined regardless of the cathodic reduction
reaction rate within the corrosion site using the DOI method, which is a direct extension of the
thin film pitting methods demonstrated by Frankel[39]. In the case of bare thin films polarized at
different potentials, pit currents and pit current densities were constant at each applied potential
if pit perimeter and pit bottom area varied linearly with time and time squared, respectively[40].
Because these experiments were made under free corrosion conditions in the presence of
coatings, such regular changes did not occur and sites perimeters and bottom areas were fit using
a nonlinear regression methods [40].

In most experiments, corrosion occurred at a single. These sites were irregularly shaped
indicating that there were different local growth rates and different local current densities acting
along the perimeter. In fact, observations show that large segments of the site perimeter were
passivated for extended periods of time. To assess the corrosion growth kinetics in view of
average variations of current density along the corrosion site perimeter, Frankel’s model of
calculating pit current density was utilized to calculate an “average anodic current density” to
characterize corrosion growth as a function of time[41].

Even though the corrosion site morphology was irregularly shaped, the perimeter and
bottom area could be accurately rendered. The time dependent site perimeter (P) and area (Ap)
were determined through the course of the experiment and fitted according to Equation 1.3.1 and
1.3.2, respectively. The anodic current density as a function of time was determined by Equation
1.3.3, yielding the so-called “average anodic current density”:

P = a;t + a,t? Equation 1.3.1

A, = byt% + b,t3 Equation 1.3. 2

. __ pnF 04p(t) 1
() =5 50 o

Equation 1.3. 3

Where a;, ap, by and b, are constants, p is the density of Al (g/cma), n is equivalents of
change per mole of Al reacted (eg/mol), M is molar mass of Al (g/mol) and F is Faraday’s
constant (C/eq).

Figure 1.3.12 shows the average anodic current densities of aged Al-Cu thin films coated
with a one-layer Deft primer coatings. To generate input for the average anodic current density
calculation, 3 replicates were conducted for each unique coating system environment
combination. An average calculation of these 3 replicates is also shown in Figure 1.3.12. It could
be seen that this average current density as function of time was close to experiment 1. Therefore,
experiment 1 was selected to represent the case of thin films under Deft primer-only.
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Figure 1.3.12 Average current density calculations of Al-Cu-aged thin
films with Deft primer only as function of time. Three experiments
were conducted under identical conditions.

In other coating systems, similar results were found and the average anodic current
density with coating systems of various configurations applied is shown in Figure 1.3.13 for the
Al-Cu thin films in the aged and as-deposited conditions. Overall, the average current densities
were 3 times larger in aged thin films than in as-deposited thin films, which is attributed to the
precipitation of 0 phase (Al,Cu) and its precursors that remove Cu from solid solution and
thereby decrease the corrosion resistance of the a-Al solid solution phase[42]. In the case of Al-
Cu aged thin films as shown in Figure 1.3.13 (a), the anodic current density was the highest
when only single-layer Deft primer was present reflecting the permeable nature of this primer
product. When the primer was applied on top of a conversion coating, average anodic current
densities decreased notably with lower current densities observed for CCCs as compared to
Boegel.

The presence of a polyurethane topcoat in the coating system has a dramatic effect on
undercoating corrosion in these experiments. For both alloy substrate types, average anodic
current densities are very low throughout the experiment without the initial “run-in” transient
observed in the other data sets. This is probably due to the strongly increased barrier properties
of the coating system that restrict oxygen reduction and decreased permeability that limits the
interaction of electrolyte at the metal interface. Notably, when a topcoat was present, other
differences in the make up of the coating system such as conversion coating type did not
significantly affect the corrosion growth Kinetics.
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Figure 1.3.13 Average current densities of (a) Al-Cu-aged thin films.

(b) Al-Cu as deposited thin films under various coating systems.
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Figure 1.3.14 (a) Al-Cu-aged thin film under Deft primer exposure for 7 days. The evolution
of images captured by microscope every 300 minutes. (b) Vectors emanated from a point and
intersected the perimeter at different directions, (c) Vectors were selected perpendicular to
the corrosion front.

In general, the average anodic current densities decayed with time and were fit to a power
law:

i = KtP Equation 1.3.4
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For aged Al-Cu substrates, the fitting results revealed that time exponent b ranged from -
0.32 to -0.43. For as-deposited Al-Cu thin films, currents were lower and the decay in average
anodic current density tended to be slower with the exception of the CCC-Deft primer sample,
which passivated rapidly

Direct observations from virtually all experiments showed that corrosion sites growing
under coatings at free corrosion conditions grew slowly and non-uniformly. In most cases, much
of the corrosion site perimeter was in a passive state. Locally active regions were observed to
propagate and image analysis-based on methods for estimating the current densities from these
regions were developed and used to estimate local growth kinetics. Figure 1.3.14(a) is an
example of a corrosion site growing only along a portion of its perimeter. In this example the
previously corroded bottom region is black and the passive perimeter that does not move is
highlighted in red. The active perimeter position changes with time and is marked at various
locations using alternating white and black banding. Even along this front, variations in local
growth rates exist and any estimate of kinetics is still and average across the active area.
Nonetheless, calculations were conducted to determine how these growth rates compared with
rates measured in other coating systems. In Figure 1.3.14(a), the outlines of the images, which
show the evolution of corrosion site morphology captured by the microscope every 300 minutes,
were overlapped using Photoshop™ software. Several vectors were overlaid on the corrosion
growth region so that they emanated from a point and intersected the perimeter at different
directions as shown in Figure 1.3.14 (b). Other vectors were also selected perpendicular to the
corrosion front as shown in Figure 1.3.14 (c). These particular vector array selections were
analyzed to determine the sensitivity of local anodic current density to vector direction. The
corrosion rate along a particular vector was calculated as the change in perimeter intersection
point divided by exposure time (dx/dt). In order to calculate the current density, Faraday’s Law
was applied:

pnF

l=M

1% Equation 1.3.5

Where p is the density of Al (g/em®), n is equivalents of change per mole of Al reacted
(eg/mol), M is molar mass of Al (g/mol) , F is Faraday’s constant (C/eq) and v is the velocity of
the perimeter along the vector (cm/s). Perimeter velocities were essentially constant allowing
single-valued characterization of the rate. Using this method, the local current densities were
determined as shown in Figure 1.3.15. Results shows that local current densities were 10 times
higher than that of average current densities calculated for the whole corrosion site. Figure 1.3.15
(a) also shows that the highest current density is associated with vector 2 as might have been
guessed from inspection of the vector placement on the growth region. However, a comparison
of all 5 estimates shows that there is less than a factor of two variation in the mean current
density along the vectors selected. Comparisons were also made on different vector arrays based
on the corrosion propagation directions as shown in Figure 1.3.15 (c). It should be noted that the
mean current density calculations fell in the same range as Figure 1.3.15 (b). Therefore, a
reasonable, but arbitrary selection of a vector on a corrosion field is likely to yield a fair estimate
of the local current density.
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Figure 1.3.15 (a) Estimated local current densities along vectors shown in Figure 1.3.14 (b);
(b) Estimated local current densities along vectors shown in Figure 1.3.14 (c).
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Figure 1.3.16 Local current densities as function of time for various coating systems. Solid
lines represent the average values of local current densities.

Local corrosion growth kinetics among different coating systems was also examined. A
plot showing a comparison is given in Figure 1.3.16. This plot compares Deft primer only, a
Boegel plus Deft primer combination and a CCC plus Deft primer combination. These coating
systems were applied to aged Al-Cu thin film. Average local current densities were in the range
of 30 to 60 mA/cm? for the Deft primer-only sample and were among the highest current
densities measured. The introduction of a Boegel conversion coating did nothing to decrease
local current densities. However, the presence of a CCC dramatically decreased local current
densities suggesting a strong inhibiting effect associated with this coating component.

In Movie 1.3.9, a single round corrosion site was observed during a short burst of growth
before it became to an irregularly shaped. This sample was an as-deposited Al-Cu thin film
coated with Boegel conversion coating and Deft primer. The corrosion rate was estimated from

the increase corrosion site radius, dr/ dt, over a time interval of 100 minutes. The average site
radius was based on at least 3 measurements. The radius as function of time was shown in Figure
1.3.17. By fitting the data, it was found out that the corrosion site propagation velocity was
constant. In order to determine the current density, Equation 1.3.5 was applied. The current
density for this site was calculated to be 16mA/cm?. It can be seen that the current density of as-
deposited thin films was smaller than the aged thin films under the same coating systems due to
the corrosion inhibition effect of Cu in solid solution.
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Figure 1.3.17 Single round shape corrosion site nucleated in the Al-Cu thin film at “as-
deposited” condition coated with Boegel conversion coating and Deft primer. Site radius as
function of growth time. Scatter plot was the original data and the red solid line was the
fitting curves.

In this study, the effects of Boegel and chromate conversion coatings on undercoating
corrosion were characterized and compared. Direct comparisons were possible from experiments
where the conversion coatings were used as pretreatments for a subsequently applied Deft
primer. As a negative control, corrosion imaging experiments were carried out on samples where
the Deft primer was applied directly to the alloy thin film substrate without any conversion
coating.

Deft coatings are permeable and do not provide significant active corrosion protection.
As a result, in the absence of an underlying conversion coating, Al-Cu alloy thin films
experience widespread nucleation of corrosion sites across the surface (Figure 1.3.5).
Additionally, the highest average current densities were measured from samples with Deft
primer only.

Application of a Boegel conversion coating in combination with the Deft primer to as-
deposited Al-Cu substrates did not do much to improve corrosion resistance compared to the
negative control sample. Many corrosion sites nucleated, though the total number of sites was
somewhat reduced. On Al-Cu samples that were artificially aged, corrosion initiation rate was
reduced and different corrosion morphologies were observed. Overall, it is suspected that the
Boegel-Deft combination promotes some corrosion resistance by limiting the cathodic reaction
sites and increasing primer coating adhesion.
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Deft primers used in conjunction with CCC pretreatments showed significant resistance
to corrosion. Widespread corrosion sites nucleation was totally suppressed in both aged and as-
deposited thin film substrates. This is consistent with the general understanding that chromates
are superior corrosion inhibitors when deployed within coating systems[12].

As discussed in 1.3.4.3.1, Deft primers applied directly on substrates did not provide
substantial protection. It has been reported that rare earth compounds are not as effective as
chromates[26]. Species such as PrOy in the Pr-based epoxy-polyamide primers only exhibited
corrosion protection when it was applied on top of a CCC treated substrate[43]. Pr was detected
by EDS in corrosion product in samples analyzed after exposure. This indicates that Pr is
released from the coating. However, it appears that it not as effective in accomplishing corrosion
protection as chromate.

The CCC-Deft primer pair, was much more effective in reducing the extent of corrosion.
This is consistent with reports that having chromate in any part of a coating system will
significantly improve the corrosion resistance of the overall system[12]. Little or no Cr was
detected inside of corroded region in post-exposure characterization indicating that the
concentration of chromate needed to accomplish protection is very low.

Application of a topcoat to a coatings system had a profound effect on undercoating
corrosion damage in these experiments. Effects on both on corrosion morphology and growth
kinetics were observed. Corrosion growth kinetics was slow and corrosion sites were only
marginally stable. The presence of a topcoat dominated contributions to corrosion resistance
from other components of the coating system, which appeared to be due to a significant increase
in overall barrier properties limiting the interaction of the environment with the substrate and
reducing the region that supported cathodic reaction on the metal surface.

1.3.6 Conclusions

1. The effects of the organic coating systems on thin film corrosion formation, morphology
and growth Kkinetics were studied using two types of conversion coatings (Boegel and CCC), two
primers (Deft primer and chromate pigmented primer) and in the presence or absence of a
polyurethane topcoat on Al-4.9wt% Cu thin films at *“as- deposited” and “artificially aged”
condition.

2. Under free corrosion conditions, stable single corrosion sites grew with a filamentary
morphology. They rarely grew uniformly or continuously—part of corrosion site was active
while other was passive. Large numbers of discrete corrosion sites nucleated in the case of thin
films coated with Deft primer alone. This is due to the high pigment loading in the Deft primer,
which provides availability of oxygen and ingress of the electrolyte and the weaker inhibiting
character of the primer.

3. Ex-situ characterization conducted on corroded areas showed that the Deft coating does
release Pr. SEM and EDS results showed that Pr was found inside of the corroded area on
samples prepared with Deft primers. Due to the large extent of corrosion, it does not appear that
Pr was an effective inhibitor under these experimental conditions. In contrast, corrosion was
completely suppressed by chromated primers and strongly suppressed with CCCs formed part of
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the coating system. Cr was not readily detected in corrosion sites indicating that it does not act at
corroded region or is present at amounts below detection limits.

4, Quantitative measurements of undercoating corrosion damage accumulation were made.
Average corrosion rates (current density in mA/cm?) were calculated using Faraday’s law by
collecting corrosion site perimeter and bottom area. Results showed that the estimates of average
current density can be used to rank different coating systems.

5. Local corrosion growth rates were derived from the corrosion site growth velocity and
were found to be 10 times higher than that of average current densities. The local current
densities eliminated the contribution of repassivation region, which was present in cases of thin
films under coating systems.

6. Corrosion inhibition was greater when a Deft primer was used in combination with a
CCC than with a Boegel conversion coating. As for the primer, corrosion nucleation and growth
is strongly suppressed under a model chromate primers (epoxy with SrCrO,4 pigment) and less so
under a Deft primer. The presence of a polyurethane top coating did not delay the onset of
corrosion. However, it reduced the corrosion rate of single corrosion site growth.
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1.4 Using the DOI Method to Characterize Corrosion Damage Accumulation Due to

Cabinet Exposure Testing
1.4.1 List of Figures and Tables

Figure 1.4.1 Demonstration of droplet cell setup for EIS measurements[25].

Figure 1.4.2 Images of a corrosion site in Al-Cu aged thin film with Deft primer exposed to salt
spray chamber for 5 and 6 days.
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Figure 1.4.3 (a-c) Images of a growing corrosion site in Al-Cu aged thin film with Deft primer
exposed to salt spray chamber for 13 days at 4 hours time intervals; (d) Image of the same site in
Al-Cu aged thin film with Deft primer exposed to salt spray chamber for 14 days under high
incident light intensity.

Figure 1.4.4 SEM and EDS results of Al-Cu aged thin films under Deft primer exposed to salt
spray chamber: (a) Corrosion area in site 1 in Figure 1.4.3 (a). (b) High magnification of white
clusters in (a) at the corrosion front of repassivation region. (c) High magnification of white
clusters in the circled area in (b). (d) EDS results of white clusters in (c).

Figure 1.4.5 SEM and EDS results of Al-Cu aged thin films under Deft primer exposed to salt
spray chamber: (a) Corrosion area in site 2 in Figure 1.4.3 (a). (b) High magnification of white
clusters in circled area in (a) at the corrosion front.

Figure 1.4.6 SEM and EDS results of Al-Cu aged thin films under Deft primer exposed to salt
spray chamber: (a) Corrosion area in site 3 in Figure 1.4.3 (a). (b) High magnification of white
particles in (a) at the corrosion front. (c) High magnification of white particles in circled area in
(b). (d) EDS results of white particles in (c).

Figure 1.4.7 (a-c) Images of a growing corrosion site in Al-Cu aged thin film with Boegel
conversion coating and Deft primer exposed to salt spray chamber for 13 days at 4 hours time
intervals; (d) Image of corrosion site in Al-Cu aged thin film with Boegel conversion coating and
Deft primer exposed to salt spray chamber for 14 days.

Figure 1.4.8 SEM and EDS results of Al-Cu aged thin films under CCC and Deft primer
exposed to salt spray exposure: (a) Corrosion area under coating systems. (b) Corrosion area
under the coating systems with white clusters in site 1 in (a). (c) EDS results of white clusters in
(@). (d) Corrosion area under the coating systems with white film in site 2 in (a). (e) EDS
results of white film in (d).

Figure 1.4.9 Images of single corrosion site in Al-Cu aged thin film under different coating
systems exposed to salt spray chamber for 16 days.

Figure 1.4.10 Images of corrosion sites in Al-Cu thin film at “As deposited” condition under
different coating systems exposed to salt spray chamber for 32 days.

Figure 1.4.11 Images of single corrosion site in Al-Cu aged thin film under SrCrO4 primer
exposed to salt spray chamber for 231 days.

Figure 1.4.12 Coating and interface properties of Al-Cu aged thin films under different coating
systems extracted from EIS spectra: Coating capacitance (C); Coating resistance (Rpo); defect
capacitance (C4) and total resistance Ry at 0.01Hz as function of time.

Figure 1.4.13 Images of corrosion sites in Al-Cu aged thin film under conversion coatings and
primer exposed to ASTM G85 for different time.

Figure 1.4.14 Images of Corrosion sites in Al-Cu aged thin film under conversion coatings,
primer and topcoat exposed to ASTM G85 for different time.

Figure 1.4.15 Images of corrosion sites in Al-Cu thin film at “As deposited” condition under
different coating systems exposed to ASTM G85 for different exposure times.

Figure 1.4.16 Average current densities of (a) Al-Cu-aged thin films;(b) Al-Cu as deposited thin
films under variety coating systems exposed to salt spray tests.
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Figure 1.4.17 Outline of images for single corrosion site in Al-Cu aged thin film under Deft
primer exposed to salt spray chamber at 19, 44, 94, 119, 160 hours. Lines with numbers showing
the propagation directions along which corrosion rates were estimated.

Figure 1.4.18 Corrosion site velocity as function of directions (as indicated in Figure 1.4.18,
line 1-4) for the single corrosion site in Al-Cu aged thin film under Deft primer exposed to salt
spray chamber.

Figure 1.4.19 Local current densities as function of time for Al-Cu-aged thin films under
variety coating systems exposed to salt spray tests.

Figure 1.4.20 Comparision of average current densities (left) and local current densities (right)
of Al-Cu aged samples under different coating systems exposed to 3 different environments.

Table 1.4.1 Charge density calculations of various coating systems exposure to different
environments for a period of 5 days.

1.4.2 Introduction and Background

Paints and coatings are an effective and inexpensive means to protect metals and alloys
from corrosion[1, 2]. Coatings are never perfect and corrosion can nucleate and grow underneath
them without detection. To maximize corrosion protection by paints and coatings, there is always
a need to match coating type to substrate. For these reasons and others, there is a need to assess
corrosion damage accumulation on coated metals[3]. Practical methods of corrosion assessment
should reflect service conditions, should be discriminating and should not disturb the natural
corrosion processes resulting in degradation[3, 4].

Organic coatings are usually used for outdoor applications. Therefore, exposure test
methods are widely used for coating performance assessments. Among all the possible exposure
tests for organic coatings, field exposures are often the most relevant and direct to assess organic
coating corrosion protection [5, 6]. The length of the exposure time used in the assessment
depends on the performance of the coating, but it is often the case that simulated service testing
is too long for development of new coatings or study the fundamental properties of coatings and
their mode of protection[7]. Therefore, there is a desire to shorten the test length. Accelerated
exposure test addresses this need. It is established and standardized. These tests use aggressive
condensing moisture environments enclosed in laboratory chambers. Among these tests, salt
spray exposures are the most common protocol for testing the corrosion resistance of organic
coatings[1]. Salt spray testing, codified in ASTM B117[8], is an environment of continuous
spray of 5wt% NaCl at a moderately elevated temperature of 35°C. Scribed and unscribed
samples are tested. Evaluation of the coating performance is often made by using visual signs of
corrosion such as blisters in coating surface[9]. In this method, only visual inspections are used
since they do not disturb the sample allowing continued assessment of coating performance.
Although this accelerated test is standardized, it is criticized because exposure conditions are
unrealistic and correlations between the test results and field performance is weak][3].

Recently, more sophisticated and realistic exposure protocols have been proposed to
assess corrosion protection that are reproducible, accurate and discriminating. These tests are
integrated with UV radiation, pollution, humidity, thermal cycling to accelerate corrosion, retain
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similarity to outdoor exposures and avoid altering damage accumulation mechanisms[10]. In
particular, cyclic test chamber protocols have improved to reproduce and accelerate natural
corrosion process protected by organic coatings without changing the corrosion mechanism as
occurs in practice[11]. Cyclic tests such as ASTM G85, the so called “Prohesion test”[12] are
found to correlate better with natural corrosion than salt spray testing[13]. A typical ASTM G85
test includes a salt fog step exposure test for one hour at 25°C with dilute solution containing
0.05wt% NaCl and 0.35wt% (NH,4).SO,4 at pH 5.0-5.4 followed by one hour dry condition at
35°C [12, 14]. It has been shown that different forms of corrosion occurred during ASTM B117
salt spray and ASTM G85 exposure. Blistering tends to be accentuated by salt spray, and filiform
corrosion is accentuated by ASTM G85 exposure conditions[13].

The effect of exposure environment on corrosion is based on visual examinations and
evaluations. It is typical for results to be compared against visual rating scales such as ASTM
D610 and ASTM 714[15]. Due to the subjective determination in evaluating the behavior of
coatings[16], there is a need to develop a technique that can precisely quantify a coating’s
protective properties and lifetime. Methods for detecting undercoating corrosion and corrosion
occurring on small length scales and in advance of visible external signs of corrosion are
desired[3].

Many corrosion sensing and detection methods have been paired with cabinet exposures
to explore prospects for early and quantitative corrosion detection[17]. Electrochemical methods
including electrochemical impedance spectroscopy (EIS) have been used extensively[2, 16]. EIS
measurements are essentially nondestructive [18, 19], and can be performed in situ, allowing for
the assessment of the coating quality and the monitoring of corrosion processes as a function of
time[20, 21]. EIS is also sensitive to the very earliest stages of corrosion damage in coated metal
systems. However, EIS is only an indirect method, and the data extracted from these
measurements needs to be interpreted properly to obtain meaningful results.

Direct visualization techniques are appealing but challenging to develop for studying the
basic corrosion reactions at the metal-polymer interfaces[2, 22, 23].

Nonetheless, a DOl method has developed as an extension of the thin film pitting
corrosion studies by Frankel[24], which provides an opportunity to monitor the corrosion process
underneath of organic coatings directly. After demonstrating the utility of DOI method on thin
film corrosion for idealized and realistic coating systems under static immersion conditions
(Chapters 3 and 4), the approach is now extended and integrated with more realistic exposure
regimens, such as ASTM B117, ASTM G85-A5 and outdoor exposure.

1.4.3 Experimental

The Al-Cu thin films 800 nm in thickness were deposited on the transparent glass slides
by physical vapor deposition using an Al-4wt%Cu target. The compositions of Al-Cu thin films
were confirmed to be Al-4.9wt%Cu by using inductively coupled plasma-optical emission
spectroscopy (ICP-OES). Two types of AI-Cu thin films were used. “As-deposited” samples
were tested as fabricated without any further heat treatment. The “artificially aged” samples were
heat-treated in air at 190°C for 24 hours to induce precipitation of 6°’, 6 and 6 phase (Al,Cu).
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Deposited Al-Cu thin films were degreased for several seconds in a solution comprising
1.0 L deionized of (DI) water containing 48.0g Na,COsand 32.4g Na,SiO3 at 65°C. After using
DI water to rinse the thin films, they were deoxidized for 3 minutes in a solution comprising 1.0
L of DI water, 30.0g Sanchem 1000™ and 72.0 mL HNOs at 55°C. Samples rinsed with DI water
and air dried at ambient temperature.

The coating systems used in this study were identical to those described and used in
Section 1.3. More realistic coating systems included a conversion coating and a primer finishing
with or without a topcoat. The first conversion coating used was Boegel (AC131CB), which is a
high performance non-chromate conversion coating. Al-Cu thin films were immersed in Boegel
solution for 5 minutes, samples were removed and excess solution was allowed to drain off. The
samples were then air dried at ambient temperature for 24 hours before applying the primer. The
second conversion coating was a chromate conversion coating (CCC) (Alodine 1200S from
Henkel Inc.). Thin film metallization samples were immersed into Alodine 1200S solution with
pH around 1.58 for 45 seconds and then rinsed with DI water at ambient temperature. After air-
drying at room temperature for 24 hours, a primer coating was applied to the samples.

Two primer coatings were evaluated. The first was a chromium-free primer product from
Deft; 02GN084 (MIL-PRF-23377J 2), which is a 2-part epoxy primer pigmented with a blend of
PrO/Pr(OH)s, CaSQ,, and TiO,. The second was a home-made primer comprising a neat epoxy
PD381-94 (Aerospace blank coating-no inhibitor) from Akzo Nobel and 5wt% SrCrO,4 pigment.
All primers were mixed at ambient laboratory temperature and applied using a drawdown bar.
The panels were air-dried for 24 hours before being cured in the oven at 150°F for 48 hours.

A polyurethane Eclipse® high solids polyurethane aircraft topcoat was used on top of
primers in certain experiments. The topcoats were also applied by drawdown bar following the
same procedure as the primers.

Coated samples were subjected to different exposure conditions after an artificial defect
was made in the center of each sample by manual scratching with a sharp stylus. Electrical tape
was applied to the sample as a mask on top of any coatings as well as on the edge of the samples
to avoid crevice corrosion. All the experiments were terminated before the corrosion sites
undercut the mask.

Samples were subject to environmental exposure per ASTM B117, which specifies an
environment formed using a continuous spray of 5wt% NaCl in a moderately elevated
temperature of 35°C.

Tests were carried out under conditions of dilute electrolyte with fog/dry cycles. A
mixture of 0.05 wt% NaCl and 0.35 wt% ammonium sulfate ((NH4).SO,) solution was used,
which is much more dilute than traditional salt fog test (5 wt% NaCl). The testing cycles are 1
hour fog at 25°C and 1 hour dry-off at 35°C.

Samples were exposed with 45° of inclination in the south direction in a site on The Ohio
State University Campus, Columbus, Ohio, which is an urban environment. The period was from
October of 2012 to May of 2013. During the exposure period, all meteorological data were
recorded and saved (temperature, humidity, etc.)

Samples were extracted from the chambers at regular intervals and examined for signs of
corrosion under the microscope. A transmitted light source located above the sample was used
for illumination. A QImaging™ Go-3 color CMOS camera attached to an Olympus SZ61
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stereomicroscope was located underneath the sample. As corrosion progressed, the thin sputtered
film was perforated and transmitted light passed through the sample to the camera. The
progression of corrosion was recorded by Q-capture Pro™ recording software. Analysis of the
collected images was conducted using Imagel ™, Photoshop ™. The movies were made by
VideoMatch ™ frame grabbing.

Each sample was subjected to an EIS measurement after extraction from the salt spray
chamber and image collection. Samples were rinsed in distilled water before exposure to 5wt%
NaCl solution. A droplet cell set up was used as illustrated in Figure 1.4.1[25]. A platinum mesh
counter electrode was set between two pieces of filter paper that were wet with a 5wt% NaCl
solution. A saturated calomel reference electrode was used to compress the filter paper/electrode
stack on the specimen surface to keep it in position during the measurement. The exposure area
was 0.32 cm?.

SR

_— reference electrode

filter paper disk with
__— Swt% NaCl

=~ Pt mesh

filter paper disk

Mask

sample

Figure 1.4.1 Demonstration of droplet cell setup for EIS measurements[25].

Electrochemical impedance spectroscopy (EIS) was carried out using a Gamry Reference
600 potentiostat (Gamry Instruments Inc.) to obtain the EIS spectra. In these experiments, the
open circuit potential was monitored for 20 minutes before conducting the EIS measurement.
The measurements themselves were performed at a frequency range of 10° to 10 Hz using a 10
mV sinusoidal voltage perturbation applied with respect to OCP, with a sample acquisition rate
of 7 points per decade.
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1.4.4 Results

Each combination of metallic thin film substrate and epoxy coating were repeated at least
in triplicate in the following experiments. Exact reproducibility was not attained due to the
complexity of each measurement. However, the results shown were judged to be typical results
among the results collected.

ASTM B117 Salt Spray Exposure Samples with various coating systems were exposed
to salt spray according to ASTM B117 (5wt% NacCl at 35°C). In these experiments, samples were
extracted from the salt spray chamber at regular intervals (usually one day) and the extent and
morphology of corrosion was recorded by DOI. EIS measurements were conducted immediately
after image collection. These samples were reintroduced to the salt spray chamber after EIS
measurements. Experiments were terminated before the corrosion front undercut the edge of the
exposure region, or before a second corrosion site was initiated on the edge of the exposure
region.

Figure 1.4.2 Images of a corrosion site in Al-Cu aged thin film with Deft primer exposed to
salt spray chamber for 5 and 6 days.

Al-Cu Aged Thin Films under Deft PrimersThe primer effects were investigated on
artificially aged Al-Cu thin films coated with a Deft primer (02GN084) and exposed to salt spray
chamber for 16 days. Movie 1.4.1 shows the pictures captured every day on a sample exposed to
the salt spray chamber. In this movie, the sample was displayed at a magnification of 33x during
the initial phase of corrosion growth. With longer exposure time, the corrosion front moved out
of the view of the microscope. Therefore, a lower magnification (14x) was used to capture
subsequent images. A single corrosion site nucleated from a defect site and corrosion occurred
rapidly along an irregular front and grew outward away from the defect as a broad channel. With
further exposure, corrosion propagation not only occurred at the head of the channel, it also
started from the side. After filamentary corrosion circled the defect, the corrosion front
propagated primarily and preferentially in one direction. It should be noted that corrosion growth
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was not continuous since no change in corrosion site size was detected between 5 and 6 days of
exposure. A corrosion product ring precipitated out in this site decorating the corrosion front as
shown in Figure 1.4.2. Eventually, the corrosion front passivated and slowly became smooth due
to a second site that initiated at the corner.

Defect

Active corrosion front

Figure 1.4.3 (a-c) Images of a growing corrosion site in Al-Cu aged thin film with Deft
primer exposed to salt spray chamber for 13 days at 4 hours time intervals; (d) Image of the
same site in Al-Cu aged thin film with Deft primer exposed to salt spray chamber for 14 days
under high incident light intensity.

In ASTM B117 exposure experiments, bubbles were observed to form in side of corroded
area. A sequence images made at 4 hour time intervals are shown in Figure 1.4.3(a-c). Bubbles
were both observed at the active corrosion front and inside of previously corroded region away
from the active front, but under the coating, which remained over the corroded area. It appeared
that bubbles were formed at the corrosion front and coalesced; eventually escaping through the
break in the coating associated with the artificial defect.

Figure 1.4.3(d) shows corrosion damage imaged using greater incident light intensity.
The image shows a single large corrosion site with no smaller sites in other regions of the
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sample. This is an apparently unremarkable image except when compared with thin film
corrosion under a Deft primer subject to static immersion in an aqueous solution. In that case
large numbers of discrete corrosion sites nucleated across the entire surface. The origins of the
substantial difference in corrosion morphology have not been determined, but this is an
important example illustrating the strong dependence of corrosion damage accumulation on
environmental exposure conditions.

Figure 1.4.4 SEM and EDS results of Al-Cu aged thin films under Deft primer exposed to
salt spray chamber:
(a) Corrosion area in site 1 in Figure 1.4.3 (a).
(b) High magnification of white clusters in (a) at the corrosion front of repassivation region.
(c) High magnification of white clusters in the circled area in (b).
(d) EDS results of white clusters in (c).

Post-exposure characterization was undertaken by removing the primer coating using the
PR-3500 Aircraft Epoxy paint remover. Scanning electron microscopy (SEM) was carried out to
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analyze the corroded area under the coating as shown in Figure 1.4.4, Figure 1.4.5 and Figure
1.4.6. The micrographs show corrosion product formed close to the corrosion front wall at a
passivated region in Figure 1.4.4(a). Higher magnification images of the dehydrated and cracked
product are shown in Figure 1.4.4 (b-c). EDS results show that this product was rich in Pr
(Figure 1.4.4 (d)). Moreover, Cu dendrites, which form by plating of Cu ions in solution, form
close to the corrosion margin (Figure 1.4.4 (d-e)). Dendrites were often clustered along a front
that appeared to be a previous position of the corrosion margin. The fact that the corrosion
margin migrated away from the Cu deposit indicates that replated Cu layers are not perfectly
protective.

Figure 1.4.5 SEM and EDS results of Al-Cu aged thin films under Deft primer exposed to
salt spray chamber:

(a) Corrosion area in site 2 in Figure 1.4.3 (a).

Figure 1.45 (a) shows a region along the corrosion site perimeter that had been
repassivated for only a short time before the conclusion of the experiment. Both Pr-rich
corrosion product and isolated Cu dendrites are observed. However, a different form of Cu was
observed at the region where the corrosion front wall was smooth and passivated when the test
was terminated as shown in Figure 1.4.6. Cu precipitates were detected as discrete particles right
at the wall while Pr-rich corrosion product was found lining the entire margin. This suggests that
Pr is precipitated along the wall, perhaps by local pH changes, while Cu plates out at specific
sites by a nucleation and growth process.

75



Figure 1.4.6 SEM and EDS results of Al-Cu aged thin films under Deft primer exposed to
salt spray chamber:
(a) Corrosion area in site 3 in Figure 1.4.3 (a).
(b) High magnification of white particles in (a) at the corrosion front.
(c) High magnification of white particles in circled area in (b).
(d) EDS results of white particles in (c).

Corrosion Behavior of Conversion Coated and Primed Aged Al-Cu Thin Films The
corrosion protection provided by conversion coatings and primer combinations was studied on
aged Al-Cu thin films. The evolution of corrosion damage for Boegel/Deft and CCC/Deft
conversion coating/primer combinations are shown in Movie 1.4.2 and Movie 1.4.3,
respectively. Images of growing corrosion sites were captured every day during salt spray
exposure. Movie 1.4.2 shows a corrosion site with a filamentary morphology. The corrosion
front changed directions around the defect as it progressed. Images with short time intervals (4
hours) were shown in Figure 1.4.7. New sites extended out from the branch and grew for a short
time before repassivating. Another site re-initiated from the defect and started to propagate until
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touching the first site. The morphology and behavior of the corrosion site is in consistent with
filiform corrosion.

Figure 1.4.7 (a-c) Images of a growing corrosion site in Al-Cu aged thin film with Boegel
conversion coating and Deft primer exposed to salt spray chamber for 13 days at 4 hours time
intervals; (d) Image of corrosion site in Al-Cu aged thin film with Boegel conversion coating

and Deft primer exposed to salt spray chamber for 14 days.

Similar corrosion growth characteristics were observed for samples with a CCC/Deft
primer combination as shown in Movie 1.4.3. With the CCC, corrosion filaments were thinner
than with Boegel. Furthermore, the corrosion front was more irregular than with Boegel, which
created undissolved islands formed inside of the corroded area. The overall corrosion rates were
lower when conversion coatings were present compared to experiments where they were not and
hydrogen gas evolution was not observed.
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Figure 1.4.8 SEM and EDS results of Al-Cu aged thin films under CCC and Deft primer
exposed to salt spray exposure: (a) Corrosion area under coating systems.
(b) Corrosion area under the coating systems with white clusters in site 1 in (a).
(c) EDS results of white clusters in (a);
(d) Corrosion area under the coating systems with white film in site 2 in (a);
(e) EDS results of white film in (d). Continued.
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Figure 1.4.8 Continued.

Under coating corrosion damage was characterized by SEM after exposure. The primer
was not easily removed by a PR 3500, aircraft epoxy paint remover from the Boegel conversion
coated samples, but was removed from CCC-treated surfaces. Therefore, SEM results only
could be obtained form the CCC sample as shown in Figure 1.4.8. It should be noted that Pr-rich
corrosion product was observed at the corrosion front and inside the corroded area (Figure
1.4.8(a-c)). Higher magnification of SEM results showed that at the corrosion front, a Cr-rich
corrosion product was also formed (Figure 1.4.8(d) and (e)). However, the amount of this type of
precipitates was small compared with the ones rich in Pr.

The Effect of a Topcoat on Conversion, Primed Aged Al-Cu Thin Films The effects of a
topcoat on corrosion inhibition were studied by using Al-Cu aged thin films adding an extra
layer of polyurethane aircraft topcoat on top of conversion coating and Deft primer. Results are
shown in Movie 1.4.4 (combinations of Boegel conversion coating, Deft primer and topcoat) and
Movie 1.4.5 (combinations of CCC, Deft primer and topcoat), respectively. It should be noted
that the corrosion propagation for these coating systems was similar to the samples without
topcoat. However, the corrosion filaments were thinner and the corrosion fronts were more
irregular as shown in Figure 1.4.9. Additionally, the corrosion propagation rate was much slower
and no hydrogen bubbles were observed during the corrosion process.
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BoegglLDeft«- i Boegel/Deft/Topcoat

CCC/Deft CCC/Deft/Topcoat

Figure 1.4.9 Images of single corrosion site in Al-Cu aged thin film under different coating
systems exposed to salt spray chamber for 16 days.

Al-Cu Thin Films under Various Coating Combinations The metallurgical condition of
the thin film substrate affected the corrosion morphology and growth kinetics. In this section, the
substrates were changed to Al-Cu thin films in “as deposited” condition. The same coating
systems combinations were studied as described in 1.4.1.3. Results were generally presented as
shown in Figure 1.4.10. Unlike single and irregular stable corrosion site propagations in the case
of aged thin films, as deposited thin films with the same coating systems, such as one layer of
Deft primer and combinations of Boegel conversion coating and Deft primer, produced multiple
metastable corrosion sites across the exposure area. These sites were round shape and nucleated
after the single and irregular corrosion sites stopped growing at the defect sites (Figure 1.4.10(a-
b)). In addition, these sites alternately propagated suggesting that cathodic reduction reaction
only can support one site growth at a given time. After a burst of growth as round shape, sites
became irregular likely a consequence of a decrease in growth rate. It should be noticed that Cu
additions to aluminum in solid solution decreased the stability of single site growth. However, it
did not inhibit the nucleation of metastable sites resulting in multiple corrosion site attempts and
multiple small sites. Once the 0 phase formed in aged Al-Cu thin films, stability of sites was
increased resulting in a single site continuing growth. The nucleation of metastable sites was
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strongly suppressed by the combination of CCC with Deft primer and the samples finishing with
polyurethane topcoat as single sites were observed under these 3 coating systems, which can be
seen in Figure 1.4.10(c-e).

(@) Deft

(c) CCC/Deft

(d) Boegel/Deft/Topcoat (e) CCC/Deft/Topcoat

Figure 1.4.10 Images of corrosion sites in Al-Cu thin film at “As deposited” condition under
different coating systems exposed to salt spray chamber for 32 days.
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Corrosion growth kinetics were influenced by the metallurgical condition of the thin film
substrates. The growth rate was much slower in the case of as-deposited thin films compared
with the aged thin films under the same coating systems. This was evident in comparison of
samples exposed for the same length of time. Slow growth of corrosion in the as-deposited
samples is consistent with the inhibiting effect of Cu in Al-Cu solid solutions and the absence of
0 phase particles that enhanced oxygen reduction and stimulate corrosion site growth [26].

Boegel/SrCrO,4 Primer Boegel/SrCrO,4 Primer/Topcoat

CCC/SrCrQ4 Primer CCC/SrCrO4 Primer/Topcoat

Figure 1.4.11 Images of single corrosion site in Al-Cu aged thin film under SrCrO,4 primer
exposed to salt spray chamber for 231 days.

SrCrOy-pigmented Primers Applied to Al-Cu Thin Film Metallizations A home-
made primer comprising 5wt% SrCrO, pigment was applied to compare with the non-
chromate coating systems. Experimental results showed that there was no indication of
corrosion initiation or growth in as-deposited or aged Al-Cu thin films when SrCrO,4 pigmented
epoxy primer and topcoat were used. Figure 1.4.11 shows images captured after the samples
exposed to salt spray chamber for 231 days. It should be noted that for samples without the
topcoat, corrosion sites propagated with a filamentary morphology across the defect. Corrosion
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sites did not grow continuously. In some cases, corrosion sites remained passivated for a month
or more. After 231 days, samples with a topcoat still did not show any signs of corrosion. Over
time the samples were observed to fade indicating leaching of the SrCrO,4 pigment as it dissolved
into salt spray environment. This released chromate inhibitor that reinforced the passivity of the

Al-Cu thin films alloy substrates preventing corrosion.
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Figure 1.4.12 Coating and interface properties of Al-Cu aged thin films under different
coating systems extracted from EIS spectra: Coating capacitance (C.); Coating resistance
(Rpo); defect capacitance (Cq) and total resistance Ry at 0.01Hz as function of time.

EIS Results It has Electrochemical impedance spectroscopy (EIS) was carried out each
time a sample was extracted from salt spray chamber. A droplet cell experiment set up was used
to make the measurement. EIS spectra were analyzed and results were integrated with imaging
experiments in order to study the nature of undercoating corrosion. Coating capacitance (C.),
pore resistance (Ryo), defect capacitance (Cq) and total resistance Ry (resistance at 0.01Hz) as
function of time are shown in Figure 1.4.12. It was found that time dependent trends of these
four characteristics were not obvious since most of curves exhibited irregular trends.
Comparisons were made with the images captured with DOI method, which provided a direct
observation of coating protection behavior and undercoating corrosion. However, the
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discrimination among the different coating systems could be made by EIS. In general, samples
coated with primer-only and Boegel conversion coating fell in the same range of values, which
had the highest capacitance and lowest resistances, while for the topcoated samples, the highest
resistances and lowest capacitance were observed. Therefore, EIS results correlated with
interpretation derived from DOI.

ASTM G85-A5 Test It has been shown that cyclic corrosion test results correlate better
with natural outdoor exposure results than do those from salt spray test exposure[13]. Therefore,
ASTM G85 cyclic test protocols were developed as alternatives to salt spray exposure testing.
One of the ASTM G85 protocol, known also as the Prohesion test, is commonly used for
accelerated weathering testing.

Boegel/Deft . Boegel Déft

CCC/Deft

Figure 1.4.13 Images of corrosion sites in Al-Cu aged thin film under conversion coatings
and primer exposed to ASTM G85 for different time.

Samples with the various coating combinations were exposed to ASTM G85 exposure
conditions. Samples were removed from the chamber at regular intervals (usually one day) and
corrosion morphologies were recorded using the DOI method. These experiments were
terminated before the corrosion front undercut the edge of the exposure region.

Movie 1.4.6 shows corrosion damage accumulation on aged Al-Cu thin film samples
coated with Deft primer (02GN084) only for 22 days. This movie shows a corrosion site growing
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from an intentionally formed defect in the sample. The site that formed was round at first and
gradually became irregularly shaped. Irregularly shaped sites also nucleated across the exposure
area away from the intentionally introduced defect. These sites eventually grew bigger and
connected with each other until the whole thin film was dissolved.

Figure 1.4.13 shows corrosion damage accumulated on Boegel/Deft and CCC/Deft
samples. At exposure times less than 10 days, a single site was observed to have initiated from
the defect. A site propagated to form an irregularly shape. At exposure times beyond 10 days,
widespread corrosion site nucleation occurred as was observed in the case of thin films without
conversion coatings.

Boegel/Deft/Topcoat Boegel/Deft/Topcoat

CCC/Deft/Topcoat CCC/Deft/Topcoat

Figure 1.4.14 Images of Corrosion sites in Al-Cu aged thin film under conversion coatings,
primer and topcoat exposed to ASTM G85 for different time.

Figure 1.4.14 illustrates the effect of a topcoat on corrosion damage accumulation. In
these exposures, corrosion sites nucleated only at intentionally introduced defects and
widespread corrosion site nucleation across the surface was suppressed. Corrosion morphologies
were irregular as in other cases, and corrosion growth Kinetics was obviously slowed compared
to the other cases examined.
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CCC/Deft

|h-"
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Boegel/Deft/Topcoat CCC/Deft/Topcoat

Figure 1.4.15 Images of corrosion sites in Al-Cu thin film at *“As deposited” condition under
different coating systems exposed to ASTM G85 for different exposure times.

As-deposited Al-Cu thin films subject to the same exposure conditions and coating
configuration developed similar corrosion morphology as shown in Figure 1.4.15. The
deterioration of corrosion under these conditions was less severe than aged thin film substrates
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under the same coating systems and exposure period, which is consistent with the inhibiting
effect of Cu in solid solution and the formation of 6 phase in aged thin films that increased
corrosion susceptibility.

Outdoor Exposure Samples were exposed, facing south, at a 45° of inclination at a site
on The Ohio State University Campus, Columbus, Ohio. This is considered to be an urban
environment. The period was from October of 2012 to May of 2013. During the exposure time,
all meteorological data were recorded and saved (temperature ranged from 31.1° F to 54.1° F,
humidity from 66.52% to 71.25%). However, no signs of corrosion were found on any sample.
No coating degradation or blistering other than blanching of the coating in the exposure area was
evident.

1.4.5 Discussion

The DOI method was used to investigate corrosion damage accumulation of Al-Cu thin
films under various coating combinations exposed to accelerated weathering conditions such as
ASTM B117, ASTM G-85-A5 and natural outdoor exposure. Due to the metallization thinness,
the corrosion damage of thin films spread out laterally under the organic coatings forming a
crevice between the glass substrate and the coating. In addition, thin film corrosion is clearly
different than corrosion in bulk alloys, but useful comparisons between the two can be made. A
key advantage of the thin film corrosion approach is that the anodic current density of the
corrosion site can be determined optically, and no accounting of the cathodic reaction occurring
on the electrode surface is needed, and thin film pit growth can be measured optically in a way
that pit growth in bulk materials cannot.

The corrosion growth kinetics underneath of coating systems was characterized by
estimating the current density using captured images of corrosion site size as a function of time.
Compared with conventional electrochemical tests, which are not useful to separate the anodic
and cathodic current densities, the anodic current density estimated from DOI method reflects the
true metal dissolution at the corroded area.

In most experiments, single corrosion site was involved in the thin film corrosion
underneath of the coating systems. These sites were irregularly shaped indicating that there were
different local growth rates and different local current densities along the perimeter. In fact,
observations showed that large segments of the site perimeter were passivated for extended
periods of time. To assess the corrosion growth kinetics in view of average variations of current
density along the corrosion site perimeter, Frankel’s model of calculating pit current density was
utilized to calculate an “average anodic current density” to characterize corrosion growth as a
function of time[24].
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Figure 1.4.16 Average current densities of (a) Al-Cu-aged thin films;(b) Al-Cu as deposited
thin films under variety coating systems exposed to salt spray tests.

Even though the morphology was irregular, the corrosion site perimeter P and bottom
area Ay still could be collected and fitted as function of time in Equation 1.4.1 and 1.4.2. The
average anodic current density was estimated using Equation 1.4.3.

P = alt + aztz
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Ay = byt? + b,t3 Equation 1.4.2

L pnFoAy(®) 1 :
i (t) = R TENIO) Equation 1.4.3

Where aj, a,, b; and b, are constants, p is the density of Al (g/cm®), n is equivalents of
change per mole of Al reacted (eg/mol), M is molar mass of Al (g/mol) and F is Faraday’s
constant (C/eq). Figure 1.4.16 shows the average anodic current densities for the different
substrates and coating combinations. Figure 1.4.16(a) shows that Deft primer exhibited the
highest anodic current density followed by the samples pretreated with conversion coatings.
When a polyurethane topcoat was present, the anodic current densities decreased dramatically in
the earliest stages of corrosion propagation and differences between the samples with different
conversion coatings were no longer distinct.

Figure 1.4.17 Outline of images for single corrosion site in Al-Cu aged thin film under Deft
primer exposed to salt spray chamber at 19, 44, 94, 119, 160 hours. Lines with numbers
showing the propagation directions along which corrosion rates were estimated.

The anodic current densities for all the coating combinations decayed with time except
the sample with just the Deft primer, which first showed an increase in the average anodic
current density. The average anodic current densities for the other coating combinations were
fitted to a power law:

i = ktP Equation 1.4.4
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The fitting results revealed that time exponent b varied between -0.1 to -0.45, which was
similar to that observed for samples exposed under static immersion conditions (Section 1.3).

A comparison of average anodic growth Kkinetics between the two substrate metallurgical
conditions in Figure 1.4.16 (a) and (b) shows that localized corrosion growth was slightly faster
in aged material than as deposited material due to the corrosion inhibition effect of Cu in solid
solution in as deposited thin films. Any difference in growth kinetics is diminished when the
coating system is a good barrier as is the case when topcoats are present.
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Figure 1.4.18 Corrosion site velocity as function of directions (as indicated in Figure 1.4.18,
line 1-4) for the single corrosion site in Al-Cu aged thin film under Deft primer exposed to
salt spray chamber.

The growth of corrosion sites occurred episodically and locally. In all but the smallest
sites, large portions of the perimeter were passive at any given time during the exposure period.
Therefore, it was of interest to estimate the current density at locally active regions using
methods presented in Section 1.3. As an example, images captured at different times were
overlapped, showing the evolution of corrosion morphology (Figure 1.4.17). The active
corrosion site growth region was determined by superimposing collected before and after each
exposure time step. The local average current density was estimated along various vectors
following the methods presented in Section 1.3. The corrosion rate along a particular vector was
calculated from the velocity of the corrosion front, AX/At, the length of a corroding edge over a
time of around 1 to 2 days. It was assumed that corrosion rate was constant within time intervals.
The velocities were in the same range at different propagation directions within experimental
uncertainty, as can been seen in Figure 1.4.18. Therefore, an average velocity was estimated
from the velocities at different directions in order to present local velocity at a given time. In
order to calculate the current density, Faraday’s Law was applied:

i= %v Equation 1.4. 5
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where p is the density of Al (g/cm®), n is equivalents of change per mole of Al reacted (eg/mol),
M is molar mass of Al (g/mol) , F is Faraday’s constant (C/eq) and v is the velocity (cm/s). Using
this method, the local current densities were determined as functions of time under various
coating systems as shown in Figure 1.4.19. It should be noted that the local average current
density values were more than 10 times higher than that of average current densities estimated by
analyzing over the entire corrosion site perimeter. Local current densities did not have
pronounced trends as function of time.
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Figure 1.4.19 Local current densities as function of time for Al-Cu-aged thin films under
variety coating systems exposed to salt spray tests.

In general, samples with just the Deft primer had the highest local average current
densities. Boegel/Deft coating combinations did not slow the local corrosion growth as the
CCC/Deft coating combinations did. As expected, application of a topcoat decreased the local
growth rates.

Several significant and potentially important observations were made regarding corrosion
morphologies and propagation rates that developed in the four different environments considered
in this study. The comparisons of corrosion damage under these environments were made as
follows:
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1. Corrosion phenomenology:

The exposure of coated samples to static immersion as discussed in Section 1.3 resulted
in a single and stable corrosion sites that propagated with a filamentary morphology independent
of coating system. Irregularly shaped corrosion sites indicated that there were different local
growth rates along the perimeter. In fact, observations showed that large segments of the
corrosion site perimeter were passivated for extended periods of time.

Similar morphologies were found in the coated samples exposed to ASTM B117 salt
spray. Higher corrosion rates were generally found in this case, which are discussed in the
following section.

Corrosion morphologies were found to be different for the samples exposed to ASTM
G85 compared to those in salt spray. In ASTM G85, the corrosion front moved at similar rates
and resulted in a nearly round shaped corrosion site. It was observed that if some regions in
periphery extended out locally, repassivation would occur in that region and the rest of the
periphery would keep up with the corrosion front. Widespread corrosion site nucleation occurred
across the exposed area. These sites eventually propagated and connected with each other until
the whole thin film was consumed. Samples coated with conversion coatings, primer and topcoat
strongly suppressed the nucleation and propagation of these small sites.
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Figure 1.4.20 Comparision of average current densities (left) and local current densities
(right) of Al-Cu aged samples under different coating systems exposed to 3 different
environments. Continued.
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Figure 1.4.20 Continued.
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2. Current densities:

In general, coated samples exposed to ASTM B117 salt spray had higher corrosion
propagation rates than those exposed under static immersion conditions. This was true of both
average current density calculations and local current density calculations as shown in Figure
1.4.20. This was attributed to the fact that the salt spray chamber provides higher dose of NaCl (5
wt% NaCl solutions) and a higher temperature (35 °C) than static immersion (0.5 M NaCl
solutions at room temperature around 25 °C), which facilitated the diffusion of oxygen and other
electrolyte through the coatings that initiated corrosion on the substrates. Exceptions were found
in the cases of samples coated with Deft primer—only and Boegel/Deft combinations. The
average current density and local current density of these samples were found to fall in the same
range in aqueous solutions and salt spray exposure conditions as can be seen in Figure 1.4.20.
This was taken as an indication that the Deft primer and Boegel conversion coating could not
block oxygen reduction. The lower concentration of oxygen in aqueous solutions was sufficient
to support the corrosion process.

The presence of a CCC and topcoat strongly suppresses the cathodic reaction; oxygen
reduction. The higher oxygen concentration in salt spray chamber resulted in average and local
current densities that were higher than under constant immersion.

It has been calculated that the average current densities were the lowest for the samples
exposed to ASTM G85 at early stage compared with other two environments as shown in Figure
1.4.20. It was known that the environment was changing during the ASTM G85 environment. It
should be noted that the temperature of sample in ASTM G85 was generally higher than aqueous
solutions (25°C). However, the low corrosion rates in ASTM G85 are attributed to the low
humidity during dry cycle in ASTM G85, which significantly reduced the water content in the
coatings. Therefore, the time of wetness was limited under ASTM G85 conditions.

Even though the average current densities were the lowest in the case of ASTM G85
environment, the widespread nucleation of corrosion significantly influenced undercoating
damage, which indicates in the increasing aggressiveness of the environment. Topcoats act as a
physical barrier. They retard the transport of electrolyte from environment to under layer primers
in wet cycle. Thus, topcoat not only reduced the initiation of corrosion sites, but also slowed
down the corrosion rates.

2. Total damage:

The total damage, which characterized the amount of corrosion (mass loss through
Faraday's law) per unit area, was used to evaluate the aggressiveness of different environments.
This was based on the calculation of charge density, computed as the integral of average current
density over the exposure time. Results of samples coated with various coating systems in
different exposure environments are shown in Table 1.4.1. It should be noted that charge density
calculations provided direct comparisons of various coating system from different environments.
In the case of sample coated with Deft primer—only and Boegel and primer combinations, the
charge densities were observed to be higher when samples were subject to static immersion than
in salt spray exposure, which was consistent with average current densities analysis. Samples
coated with CCC and adding extra layer of topcoat on top of primer, exhibited higher corrosion
rates in salt spray exposure than in static immersion. Overall, samples exposed to ASTM G85
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showed slowest corrosion rates based on calculations of single corrosion site before widespread
nucleation corrosion.

No signs of corrosion were indicated in the samples exposed to outdoor environment for
all the coating systems. Therefore, corrosion morphology and corrosion kinetics could not be
obtained and compared with the accelerated weathering tests.

Table 1.4.1 Charge density calculations of various coating systems exposure to
different environments for a period of 5 days.

Charge Density
Charge/Area

(Q/cm?)

Exposure

Coating Systems Environment

Static Immersion

ASTM B117 911

ASTM G85 376

Static Immersion 727

Boegel/Deft ASTM B117 580
ASTM G85 117

Static Immersion 483

CCC/Deft ASTM B117 578
ASTM G85 299

Static Immersion 230

Boegel /Deft/Topcoat ASTM B117 289
ASTM G85 162

Static Immersion 230

CCC/Deft/Topcoat ASTM B117 328
ASTM G85 145
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1.4.6 Conclusions

The effects of exposure environment on thin film corrosion underneath of organic coating
systems was studied using two types of conversion coatings (Boegel and CCC), two primers
(chromate-free primer and chromate pigmented primer) and with or without polyurethane
topcoat on Al-4.9wt% Cu thin films at “as deposited” and “artificially aged” conditions. These
environments include ASTM B117 salt spray, ASTM G85-A5 and outdoor exposure.

1. Corrosion site growth and morphology were recorded using the DOI method. Different
corrosion morphologies were observed in each exposure environment. In salt spray exposure,
single and multiple corrosion sites grew episodically with a filamentary morphology. In ASTM
G85 corrosion sites first nucleated from the defect site followed by the widespread nucleation
across the entire exposure area. No signs of corrosion were observed for samples in outdoor
exposure.

2. Ex-situ experiments were also conducted on the corroded area under the coatings.
Scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS) were performed
after the coatings were removed at the end of each experiment. Results showed that Pr was
released into corrosion sites in both cases of Deft primer-only and CCC/Deft samples. Cr was
released from CCC in small amounts, but corrosion in samples where chromate was present in
the coating system was minimal.

3. Methods for estimating localized corrosion kinetics were applied to samples exposed in
the various environments. Average corrosion rates (current density in mA/cm?) were calculated
using Faraday’s law by collecting corrosion site perimeter and bottom area. Results showed that
the average current density was the highest in the case of samples exposed to salt spray chamber,
followed by aqueous solutions and ASTM G85.

4. Local corrosion growth rates were derived from the corrosion growth velocity and were
10 times more than that of average current densities. The local current densities eliminated the
contribution of passivated region of local corrosion sites, which occurred in most of the cases for
thin films under coating systems. The local current density fell in the same range between salt
spray chamber exposure and aqueous solutions, with slightly higher in salt spray chamber
exposure.

5. Corrosion nucleation and growth is strongly suppressed under model chromate primers
and less so under a Deft primer
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1.5 Lessons Learned

DOI methods for studying undercoating corrosion have shown that results from corrosion
testing using indirect electrochemical methods such as EIS must be interpreted with caution as
artifacts may present as a high degree of corrosion resistance, when significant corrosion damage
has occurred. The results of this study indicate how different standard exposure conditions act to
develop corrosion damage on coated metals surfaces and may facilitate rational approaches to
developing accelerated testing that mimic field exposure. These results also reinforce the idea
that inhibiting oxygen reduction remains the foremost strategy for combating corrosion damage
accumulation in high strength aluminum alloys.

1.6 Economic Summary

The method presented here represent a foundation for corrosion characterization work
that can underpin and built confidence for commercialization of new coatings formulations and
coating systems in shorter periods of time. The ability to reduce the development time for new
coatings leads to an availability of a broader array of products and may reduce coating system
life-cycle costs.

1.7 Implementation

A practical embodiment of a technique for direct optical interrogation of undercoating
corrosion has been developed and described. This information is being made available publically
and is presented in sufficient detail to allow unrestricted replication of the tools, techniques and
analysis.

99



Task 2: Atmospheric Corrosion of Coated Steel; Relationship between Laboratory and
Field Testing

2.1 Summary

This project established links between lab and field testing of coated steel samples with the goal
of improving prediction of coating failure and painted component lifetime. Carbon steel samples
were coated with different polymers, but most of the work was performed with PVB and Eponol
coatings. Coating failure can result from changes in properties of the bulk coating polymer or of
the coating/substrate interface.  Bulk coating properties were assessed using infrared
spectroscopy and interface properties with a Scanning Kelvin Probe (SKP). The SKP is a tool
that measures the rate of cathodic delamination, and it has previously only been used on model
systems. This is the first use of SKP as an assessment tool for the effects of prior degradation
during exposure to corrosive conditions. The exposures included several outdoor sites in Hawaii
and across the continental US, in ASTM standard cabinet tests, and in a specially constructed
chamber that allowed control of certain atmospheric parameters. Both bulk polymer and
interface degradation were observed. SKP was found to provide a sensitive assessment of the
interface degradation, which allows for a shortening of the exposure time required for evaluation
of a coating system. Field exposed samples exhibited both blisters and filiform corrosion (FFC).
As a result, a more detailed analysis of FFC was performed, including experiments used to
reproduce FFC in the lab. Raman spectroscopy was used to investigate the details of the iron
oxide formed as a function of the form of corrosion and exposure conditions. It was possible to
use the various measures to rank the corrosivity of the different field sites and to assess the
important exposure parameters by investigating weather databases. The roles of exposure
conditions, like UV and ozone, were investigated in the special chamber and in the standard
cabinets. Finally, the degradation of some commercial coating systems was investigated.
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2.3 Introduction and Background

Accelerated laboratory tests attempt to evaluate the anti-corrosion performance of coatings in a
short time. Sometime, accelerated tests fail to mimic outdoor exposure because they alter the
degradation mechanism (1). For this reason, field exposures are the most reliable tests to predict
coating lifetime. However, field tests might require many years for coating degradation to initiate
and they are often not reproducible. To reduce the time for initiation of degradation in the field,
samples are exposed in harsh environments such as seaside Florida or Arizona. Additional sea
water spray or sun irradiation enhancement is also possible to shorten field exposure duration.
The degradation of a coated metal sample can be accelerated by creating an artificial defect in
the coating (2).

The challenge of a reliable accelerated test is associated with the complexity of tropospheric
chemistry. Only a few atmospheric and climatic parameters are included in accelerated tests.
This simplification of outdoor exposure does not suit all coating or metal types. The most
common laboratory accelerated test for atmospheric corrosion is ASTM B117, which involves a
neutral salt spray. However, the results of B117 do not always correlate with atmospheric
exposures. One recently-studied example of discrepancy between B117 and field exposure is the
corrosion of silver as silver chloride does not form during exposure in a dark salt spray cabinet
but was found to form in a chamber that included ozone and UV light (3). As a result of this
work, various B117 chambers, including the one at the University of Virginia were modified to
include UV light and ozone. Ozone is strong oxidant present in the troposphere which
decomposes into stronger oxidants (atomic oxygen and hydroxyl radicals) under UV light (max
decomposition at 254 nm) in a humid environment (4). The short lifetime of atomic oxygen and
hydroxyl radical requires that they are formed in the accelerated test environment close to the
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sample surface. Such a modified chamber, which couples a corrosive environment with UV and
strong oxidants, can be useful to study the degradation of coated metal. ASTM G154 is another
accelerated test that is used to study polymer degradation or weathering. The parameters used in
the weathering chamber to accelerate polymer degradation are UV, temperature and moisture
condensation, but corrosive salts are not included.

Coated metal degradation includes degradation of the bulk polymer and of the polymer/metal
interface. Polymer/metal interface degradation may be influenced by bulk polymer degradation,
but it is not a requirement. The physical and mechanical properties of the polymer are affected
by polymer hydrolysis and photo-oxidation. These changes may facilitate oxygen, water and ion
transport to the interface. The polymer/metal interface can degrade via blistering, cathodic
delamination or filiform corrosion (FFC). Blisters usually initiate at impurities at the interface
and then grow under osmosis pressure. Cathodic delamination can be part of the blister growth
mechanism or it can initiate from a coating mechanical defect or edge. FFC is a directional
defect that initiates only from a coating mechanical defect or edge. Studies showed that lateral
oxygen, water or ion transport from uncoated area is faster than vertical transport through the
coating film (5).

The progress of the delamination front during cathodic delamination is easily followed by the
scanning Kelvin probe (SKP) (6). The cathodic delamination is caused by the intermediates and
the hydroxide anion produced during oxygen reduction (7). The delamination rate is dependent
on the chemical strength of the polymer/oxide adhesion, which is considered to occur by the
adsorption of a polymer polar group on the metal surface hydroxide (8). The SKP has been
widely used to study coating/oxide interface dipoles and coating performance (9, 10). The
measurement of cathodic delamination by the SKP is abbreviated by CD-SKP in the rest of this
report.

Many different types of polymer coatings exist. Poly(vinyl butyral) (PVB) is a transparent
coating with good binding, flexibility and toughness properties. It is mainly used on laminated
glass where it exhibits good adhesion with the glass material (11). PVB coatings have been used
as a model coated metal system. Eponol 53 BH 35 is an ultra-high molecular epoxy resin diluted
in methyl ethyl ketone and propylene glycol methyl ether (12). Eponol macromolecules are
polymerized from bisphenol A diglycidyl ether (DGEBA) without curing agent. DGEBA is a
common monomer for epoxy resin.

In this work, the degradation mechanisms of coated steel in the field were characterized. Coated
steel without and with an artificial defect were exposed in diverse climates in the continental US
and in the islands of Hawaii. The degradation of unscribed coated steel was analyzed with
sensitive technique such as infra-red spectroscopy and CD-SKP. Sensitive techniques enable
early degradation assessment before visual failure. The field exposure time can therefore be
reduced. The corrosion products formed underneath coatings on steel during field exposure were
identified by Raman spectroscopy. The condition of corrosion products formation is well-
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documented in the literature. It is therefore possible to deduce the undercoating environment
(oxygen, pH) and the eventual atmospheric compounds (chloride, sulfate) that played a role in
the corrosion mechanism.

Field exposures are also useful to determine which degradation mechanisms should be
reproduced and investigated in detail in the laboratory. Laboratory tests have the advantage of
isolating and controlling the exposure conditions. ASTM accelerated tests were used to
investigate the degradation mechanism and evaluate their discrepancies with the field exposures.
Effects of ozone photolysis on coated steel were then investigated in an enclosed exposure cell.
Laboratory experiments were also used to study cathodic delamination and FFC, which are two
common coating delamination mechanisms present in the field.

2.4 Lessons Learned

One important lesson learned in this work is that it is possible to use research tools, i.e. SKP, to
understand coating degradation and improve lifetime prediction assessments. It is a challenge to
use SKP on real samples exposed to real environments, but the benefits are worth the effort.

2.5 Experimental

Several coatings on 1018 were tested. Two primer coatings were applied in the OSU laboratory.
The details of their composition and preparation are described below. Other coatings were
prepared by Henkel in Madison Heights, MI and NAVAIR in Patuxent River, MD.

Poly(vinyl butyral-co-vinyl alcohol-co-vinyl acetate) (PVB) composed of 80wt% of vinyl
butyral, 20 wt% of vinyl alcohol and less than 1 wt% of vinyl acetate was purchased from
Sigma-Aldrich. This primer molecule is represented in Figure 2.1. PVB granules were dissolved
into 15 wt% in methyl alcohol.

EponolTM Resin 53-BH-35 was obtained from Momentive already dissolved to 35wt% in 2-
butanone and propylene glycol methyl. EponolTM 53-BH-35 is an ultra-high molecular weight
epoxy resin derived from bisphenol-A and epichlorohydrin with a repeating unit of 90 (see
Figure 2.2). BLS® 1130 UV absorber from Mayzo was added to the resin to delay Eponol photo-
oxidation during weathering exposure. This product is a hydroxyphenyl-benzotriazole derivative
pre-dissolved in polyethylene glycol 300 to increase its solubility in the coating solvent.
EponolTM 53-BH-35 without and with BLS® 1130 are referred to in this report as Eponol and
Eponol BLS.
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1018 sheets, cold rolled to 1/8” thick were purchased from McMaster-Carr. The substrates were
cut into rectangular shapes of 6.35 cm by 1.9 cm. The surface was ground to 600 grit with
CarbiMet™ 2 paper for all experiments. The surface was polished to 1200 grit with MicroCut™
S for optical profilometry imaging. Coatings were applied by a draw down bar on clean and
freshly polished or ground steel surfaces. Alconox powdered precision cleaner was used to rinse
the steel surfaces after polishing or grinding. The sample long edges were covered with electrical
tape prior coating application. PVB coatings were air dried for 24 h after coating application.
Eponol coatings were air dried for 7 days and then oven dried for 24 h at 75°C. Each set of
samples prepared for weathering exposures included control samples. All samples were shipped
for outdoor exposure in individual air-tight containers, which did not contain desiccant. The
control samples were sent with the other samples, but were kept indoors in their air-tight
containers. The control samples for the samples exposed in Columbus or in the laboratory were
kept in a desiccator.

0.0
HSC\/\|/ ’

Figure 2.1: Poly(vinyl butyral-co-vinyl alcohol-co-vinyl acetate) molecule (13)

- CH, OH CH, :
O 0
S | | | S
cH;— CHeH,~-04 Y—c—{ Yo-cH,—cHen, 0 { ¥-c-{ Yo- cHoH,—CH,
| |
CH, CH,
a0 -

Figure 2.2: Eponol™ 53 BH 35 molecule (12)

2.5.1 Field exposure

Coated steel was exposed to different climates and air compositions in several US states: New
Hampshire, Hawaii, Florida and Ohio. Some samples were exposed at Thompson Farm, NH
which is a rural site located near Durham, NH. Atmospheric and weathering data were collected
in this location and are available on the university web site. Florida is a popular marine exposure
site to test coating lifetime. Samples were exposed at the Battelle Memorial Institute field site in
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Daytona Beach and at the Naval Air station in Key West. The Hawaiian islands offer diverse
micro-climates and air compositions. Researchers at the University of Hawaii maintain up to 10
field sites on Oahu Island and the big island of Hawaii. Atmospheric and weathering data were
collected in each of these sites. Some samples were exposed at the campus of Ohio State
University for convenience.

Weathering and the atmospheric were collected by the University of New Hampshire, the
University of Hawaii, the National Climatic Data Center and the Environmental Protection
Agency. Those data are presented in the result and discussion part. Table 1 shows the climate
diversity of the field sites tested across the United States.

Table 1: Field sites climate, location and elevation

Sites Climate Location Elevation
Thompson Farm, NH Rural 43.1078 -70.9517 39.93
Daytona Beach, FL Marine 29.04°N 80.94°W Sea level
Key west, FL Marine 24.55°N 81.78°W Sea level
Lyon arboretum, HI Humid N21.33270 W15972'802 152
Waipahu, HI Co?rzys e | N2137746 W15786'017 Sea level
Ewa Nui, HI Agriculture 21.37281 | 158.04541 61
Campbell industrial park, HI In;j{r;;;réal, N21.30141 lezO% Sea level
Kilauea Volcano, HI Volca%nic, N19.31646 | W155.152 567
Marine 9 686
Mauna Loa Observatory Alpine ng'i3643 W122'2576 3389
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Columbus, OH Suburban 40.002287 244
83.011850

2.5.2 Laboratory exposure

ASTM standards

Several ASTM standard environments were used. ASTM B117 is a continuous fog spray of 5
wt% NaCl at 35°C. ASTM G85 Annex 5 is a 1-h fog / 1-h dry-off cycle. During the fog period,
no specific temperature is achieved and the fog composition is 0.35 wt% ammonium sulfate and
0.05 wt% sodium chloride. During the dry-off period, the chamber is purged with fresh air at
35°C. The ASTM G154 cycle 1 test is composed of 8-h UV at 60°C and 4-h condensation at
50°C. UVA lamps of 340 nm adjusted at 0.89 W/m*/nm irradiation were used for this exposure.

Atmospheric chamber apparatus

The atmospheric chamber represented in Figure 2.3 was used to control the oxygen and nitrogen
flows, the humidity and the ozone concentration. This setup was strongly inspired by the
apparatus developed by Liang et al. (3). The amount of water was regulated by a mixture of dry
and humid nitrogen and the RH depended on the laboratory room temperature. Ozone
concentration was adjusted by the nitrogen dilution and the oxygen flow. Ozone photolysis was
stimulated in the chamber with a UV lamp placed on top of the cell.

Dry nitrogen

Humid nitrogen

[ I
Flowmeters with HH - g
o O

et seve e

RHmeter
Pi I i —
ressure regulator Samples Ozone monitor Window

Atmospheric chamber
Mass flow controller

c
<
N 5 —_ — = Ozone plus oxygen
o @
Mass flow controller g

Ozone generator

Figure 2.3: Atmospheric chamber circuit controlling nitrogen/oxygen flows, humidity and
ozone concentration
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e (Gases:

Several gases were purchased for use in these experiments. Grade 4.8 nitrogen provided by
Praxair had a purity of 99.998% and contained < 5 ppm of oxygen and < 3 ppm of water. Grade
4.3 oxygen provided by Praxair had a purity of 99.993% and contained < 3 ppm of water, < 10
ppm of nitrogen, < 1 ppm of total hydrocarbon content and <40 ppm of argon.

¢ Flow controllers:

Two types of flow controllers were used in the circuit: mass flow controllers from Omega and
molded polycarbonate flowmeters with valves from Key Instruments (KI). The mass flow
controller ranged from 0 to 1000 mL/min for nitrogen and 0 to 10 mL/min for oxygen with a
repeatability of +0.5% and an accuracy of £1.5%. The oxygen mass flow controller cannot be
used below 0.25 mL/min with the same accuracy. The KI flowmeters controlled the flow with an
accuracy of +4% and the flow was stable when the input flow was constant. These flow
controllers ranged from 0.1-1 or 0.2-2.5 SCFH.

e Other instruments:

The ozone generator was a model 600 from Jelight. The ozone monitor was a 465L model from
Teledyne. It measures the ozone concentration by UV absorption with an accuracy of 1% and
repeatability of 0.5%. The zero calibration was performed every two years with ultra-high purity
nitrogen (grade 5.0) to compensate for any drift. The ozone monitor was removed from the
circuit during exposure because its pumping periodicity interfered with the continuous flow and
lowered the flow controller accuracy. UVA or UVB mercury-vapor lamps were positioned above
the atmospheric cell and their spectra are shown in Figure 2.4.

e Materials:

All tubes were PTFE with a “4”outer diameter and 1/8” inner diameter. Fittings were NPT
adapter with leak-proof ferrule made from 316 SS or brass depending on the gas nature. The
fitting of the glass threaded inlet and outlet of the atmospheric chamber and the water bottles
were plastic with rubber O-ring to ensure airtightness. The atmospheric chamber was made from
borosilicate glass and was closed with a quartz window that was squeezed against a rubber O-
ring with a U-clamp on top of the chamber.
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Figure 2.4: Spectra of the UVA (left) and UVB (right) lamps used in this work.
2.5.3 Instruments

* Raman spectroscopy

InVia™ Raman spectroscopy coupled with an optical microscope from Renishaw was used with
a 663 nm HeNe laser. The spot size was about 1 um and the maximum laser power was 6 mW.
The laser power was adjusted from 100% to 10% according to the iron oxide heat stability. The
exposure time was increased from 40 to 100 s to reduce the signal to noise ratio. The software
Wire™ 3.0 was used to operate the instrument. The Ramen spectra were compared to reference
spectra found in the literature of synthesized iron oxide. One synthesis was carried out to confirm
the nature of an intermediate of akaganeite. Akaganeite was formed from FeCl, and NaOH
where the concentration ratio 2[FeCl,]/[NaOH] was larger than 8 (14). After precipitation, the
solution was filtered without rinsing and analyzed immediately.

* Infra-red (IR) spectroscopy

Two Spectrum 100s FT-IR instruments from Perkin Elmer were used in reflection mode to
analyze coated metals. One of the spectrometers was coupled to a Spectrum Spotlight 300 that
had a microscope to direct the incident beam on the sample at 90°C. A mercury cadmium
telluride (MCT) photon conductive detector cooled with liquid nitrogen was used in this case.
The other spectrometer was used with a two-mirror infrared reflection-absorption spectroscopy
(IRAS) set up. The incident beam and the reflected beam angles were adjusted to reach
maximum energy. A triglycine sulfate (TGS) pyro electric detector was used in this case.

* Scanning Kelvin probe

A height-regulating scanning Kelvin probe (SKP) from K&M Soft Control was used to follow
the progress of cathodic delamination (CD). The instrument was calibrated before each use with
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the known and constant potential of Cu in saturated CuSOs. The delta value that determines the
probe/sample distance was fixed at 0.12. The scanning speed was set by the instrument at 0.4
um/s. the probe diameter was 210 wm and the scanning step size was 100 um.

* Optical profilometry

The sample topography was obtained with a Contour GT optical profiler from Veeco. The
pictures were taken with the 5x objective in VSI mode. The entire sample picture was obtained
with a stitching function. The iron dissolution volumes were calculated after tilt correction on
1x1 ecm” picture portion with Vision64 software.

2.5.4 Cathodic delamination and FFC measurements

Cathodic delamination measurements

The sample preparation method for CD measurements with the SKP (CD-SKP) was borrowed
from Leng et al. (6). A piece of electrical tape covered part of the top of the sample before
coating application. The coating was then applied on top of the metal and the taped area. The
sample was exposed to various environments with the tape in place. The tape was removed
before CD-SKP when the sample was dried. Removing the tape left a clean coating edge that is
represented in Figure 2.5. The uncoated area, which had the dimensions of the piece of tape
width represented a defect in the coating. Epoxy glue was deposited along the sample edge to
form a reservoir as shown in Figure 2.5. The 0.5 M NaCl electrolyte was contained between the
epoxy glue wall and the coating edge. The SKP chamber was maintained at 100% relative
humidity (RH) during CD measurement. Several samples were tested together in the SKP
chamber to ensure identical exposure conditions and facilitate sample comparison (10). The
defect was covered with electrolyte after the coating was saturated with water by exposure to
humid air, which can take from 2 to 4 hours. The measurement was started immediately after
covering the defect with electrolyte. CD-SKP is represented in Figure 2.6. The sample was
naturally polarized when the electrolyte was deposited on the uncoated steel surface. The iron
dissolution was located at the uncoated area in the defect and part of the cathodic reaction
(oxygen reduction) occurred under the coating. Oxygen reduction product and intermediates are
responsible for coating disbonding. The Kelvin probe placed above the coating measures
primarily the local potential of the buried polymer/metal interface (15). The Kelvin probe was
scanned above the coating repeatedly to locate the position of the delamination front with time.
An example of potential scans is presented in Figure 2.7. On the left, the potential next to the
defect is close to the corrosion potential of iron. On the right, the potential of the intact coating
depends on the interaction nature of the coating/metal interface. The delamination front was
located at the potential jump between the delaminated coating potential and the intact coating
potential. The potential drop between the delamination front and the defect was characteristic of
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the delaminated coating potential (6). The delamination front location was plotted as a function
of time from the potential scans.

Epoxy glue

._

Bare steel

Coating

'

Steel

Coated steel
Sample cross section after tape removal

Sample top view after tape removal and epoxy wall addition

Figure 2.5: Sample preparation for CD measurement.

—

Kelvin probe

Fe = Fe? + 2e-

0, + 2H,0 + 4e- = 40H"

Figure 2.6: CD measurement with the Scanning Kelvin Probe.
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Figure 2.7: Potential scan examples to measured CD rate.

Filiform corrosion measurement

Two series of experiment employing different FFC tests were carried out. The first FFC test was
inspired by ISO 4623. The scribed coated samples were immersed for 60 s in different
electrolytes. The samples were then inserted in the oven at 40°C and 80% RH. The scratch
contained electrolyte when inserted in the oven. The RH was kept constant in a sealed plastic
container using beakers of saturated potassium chromate [OBrian 1947]. The electrolytes tested
were 0.1 NaCl, 0.1 NaCl + 0.01M NaHCOs3, 0.1M NH4CI and 0.01M NaCl. SKP potential maps
and potential lines were taken after a few days in the oven.

The second FFC test was similar to the one described by Williams and McMurray but the FFC
measurement and the sample preparation were different from their approach (16). Tapes along
the sample edge were removed after weathering exposure for the FFC test. 10 ul of 0.5 M HCI
was deposited along 1 cm of coating edge delimited with epoxy glue. FFC initiated from the
coating edge. The electrolyte was air dried before insertion of the sample in an oven held at
40°C. The RH was maintained at 80% in a sealed plastic container with beakers of saturated
ammonium sulfate solution (17). Optical photographs were taken at 3.5x magnification in black
and white every day for several weeks. The corroded areas were calculated with ImageJ software
from the images. The coating was dissolved in its initial solvent and rinsed with DI water. The
corrosion products were dissolved in ultrasonic bath in 80°C, 0.5 M boric acid and 5.10°* M
glacial acetic acid solution. The sample topography was measured with optical profilometry. The
filament groves volumes were calculated with Vision64 software.

2.6 Results and discussion
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2.6.1 Field exposures of coated steel without artificial defect

Cathodic delamination (CD) measurement with the scanning Kelvin probe (CD-SKP) should
measure the kinetics of degradation and thus help in coating lifetime assessment. The CD rate is
limited by the coating/oxide interface stability, which is affected by field exposure. The CD-SKP
assessment of the coating/oxide interface degradation is complemented with IR spectroscopy
analysis of the coating molecular degradation. PVB coated steel was tested in Daytona Beach,
Waipahu, Lyon Arboretum, Thompson farm and Columbus. Eponol BLS coated steel was tested
in Columbus.

Figure 2.8 shows images of samples after field exposures. The pictures were taken after removal
of the tape along the coating edge. Corrosion initiated from the coating edge in corrosive sites.
Daytona Beach, Lyon Arboretum and Waipahu are the most corrosive sites. No visual
degradation was observed after 6 months of exposure at Thompson Farm. Some corrosion was
observed on the sample exposed in Columbus but it grew slowly after it appeared. CD-SKP
results for samples exposed at the different sites will presently be discussed in turn.

Thompson Daytona | Columbus - Lyon Arb. Waipahu

6 months | ] 1month 1 month | 2 months’ 2 months

Figure 2.8: Photographs of PVB coated steel after field exposures.

Marine environment: Daytona Beach, FL

PVB coated steel samples were exposed at Daytona Beach for 2 weeks or 1 month. The samples
faced the ocean on the beach. The coating failed dramatically after 1 month of exposure. After 2
weeks of exposure, the transparent coating was covered with small local white spots
characteristic of polymer hydrolysis (18). The sample exposed at Daytona Beach for 2 weeks
exhibited faster CD than the unexposed sample, as shown in Figure 2.9.

115



T T T T T T T T T T
fé\ 7000 2 weeks 1
g ] ]
g 5000+ ~.~7 Notexposed -
2 | .
— 4000 - .
= ]
o
& 3000 1
g ]
'S 2000+ 1
g ]
1000 - 1
£ _
ol 0- i
T T T T T T T T T T T T T T T

0 2 4 6 8 10 12 14 16
Delamination time (h)

Figure 2.9: PVB coated 1018 CD-SKP after 2 weeks exposure in Daytona Beach, FL from
Dec 2010.

Hawaii field exposures

PVB coated steels were exposed at Waipahu and Lyon Arboretum on the Island of Oahu and at
Mauna Loa on the big Island. At all Hawaiian locations tested, the coating failed to protect the
steel substrate within the first month. As shown in Figure 2.10, the CD started above 5000 um
after 2 months of exposure in Waipahu because coating delamination took place during the field
exposure. As shown in Figure 2.12, the CD was accelerated after 2 months exposure in Mauna
Loa. In contrast, the CD rate was slower after 1 week of exposure in Lyon Arboretum, Figure
2.11. IR spectroscopy results in Figure 2.13, Figure 2.14 and Figure 2.15 show an increase of
carbonyl peak at 1725 cm™ with field exposure time due to PVB photo-oxidation. The carbonyl
group is the main product of the 1,3 dioxane ring opening that takes place during PVB photo-
oxidation (19). PVB photo-oxidation occurred earlier and more rapidly in Waipahu than in Lyon
Arboretum. PVB photo-oxidation started later in Mauna Loa than in Lyon Arboretum.
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Figure 2.10: PVB coated 1018 CD-SKP after 2 months of exposure in Waipahu, HI from Jan
2012.
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Figure 2.11: PVB coated 1018 CD-SKP after 1 week of exposure in Lyon Arboretum, HI
from Jan 2012.
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Figure 2.12: PVB coated 1018 CD-SKP after 2 months of exposure in Mauna Loa, HI from

Oct 2012.
1.5 1 1725
1.0 }
0.5 4 months
0.0 ] T T T T T T T T T T T T T 1
1.0-: |
0.5+ 3 months
é\' 0.0 T T T T T T 1
& 15-
&q’ 1.0
= 05 { 2 months
0.0 1 T T T T T T T T T T T T T 1
1.5~
1.0
0.5 | Not exposed
0.0 — : . . : : :

T T T T T T 1
500 1000 1500 2000 2500 3000 3500 4000

Wavenumber (cm’l)

Figure 2.13: PVB IR spectra after 2, 3, 4 months exposures in Lyon Arboretum from July
2011.
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Figure 2.14: PVB IR spectra after 2 and 4 months exposures in Waipahu from July 2011.

5 months ]

Intensity

T T T T T T
500 1000 1500 2000 2500 3000 3500 4000

Wavenumber (cm’l)

Figure 2.15: PVB IR spectra after 1 and 5 months exposures in Mauna Loa from Oct 2012.

Rural environment: Thompson Farm, NH

Two field exposure campaigns were conducted at Thompson Farm at different times and
different exposure angles. The samples exposed from January 2012 were at 45°, while the
samples exposed from Oct 2010 were vertical with and without a cover that provided shelter.
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The samples looked visually intact after 6 months of exposure. The curves of CD rate after
exposure are below the control curves in Figure 2.16 and Figure 2.17, indicating that the
polymer/oxide interface stability was improved after short exposure time and this good stability
was maintained throughout the 6 months of exposure. The CD rate shifted toward the control
curve with exposure time. The polymer/oxide interface stability decayed progressively with
exposure time but remained more stable than the polymer/oxide interface of the unexposed
sample. IR spectroscopy did not reveal any sign of polymer photo-oxidation during the 6 months
of exposure.
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Figure 2.16: PVB coated 1018 CD-SKP after 1, 3, 4, and 5 months of exposure in Thompson
farm, NH from Jan 2012.
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Figure 2.17: PVB coated 1018 CD-SKP after 3 and 6 months of exposure in Thompson farm,
NH from Oct 2010.

Suburban environment: Columbus, OH

PVB coated steels and Eponol BLS coated steels were exposed in Columbus. The CD rate of
PVB decreased after 1 week of exposure and increased after 2 weeks and 1 month of exposure,
as shown in Figure 2.18 and Figure 2.19. The IR spectra of PVB after exposures in Columbus are
shown in Figure 2.20. The coating/metal interface degradation occurred before PVB photo-
oxidation, which was not detected within the first four months. Figure 2.21 shows that the CD of
Eponol BLS was accelerated after exposure. The CD of Eponol BLS was slower than that of
PVB by a factor of 170 before exposure and by a factor of 16 after exposure.
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Figure 2.18: PVB coated 1018 CD-SKP after 1 week and 1 months of exposure in Columbus,
OH from Aug 2011.
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Figure 2.19: PVB coated 1018 CD-SKP after 2 weeks and 1 months of exposure in
Columbus from May 2011.
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Figure 2.20: PVB IR spectra after 2 months, 4 months and 1 year exposures in Columbus

from Aug 2011.
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Figure 2.21: Eponol BLS coated 1018 CD-SKP after 1 year exposure in Columbus, OH from
Aug 2011

The transparent nature of PVB and Eponol films allow visual assessment of the appearance of
corrosion products. However, the CD-SKP method detects coating/metal interface degradation
before corrosion products can be seen. The field sites ranked from the visual observations and
the CD-SKP analysis are in good agreement. Daytona Beach, Waipahu and Lyon Arboretum are

123



aggressive environments in comparison with Thompson Farm, which is very mild. Therefore,
CD-SKP is an easy and fast technique that can provide early assessment of PVB coating failure.
The interface stability of PVB coated steel improved after short field exposure. IR detected
carbonyl group increases that are the main product of PVB photo-oxidation. This peak is evident
only when it exceeds the background associated with the polymer interference. For this reason,
PVB photo-oxidation onset is not easily detected on the IR spectra. Carbonyl increase was
observed after the onset of coating/metal interface degradation.

2.6.2 Field exposure of coated steel with artificial defect

It was shown above that the onset of coated steel degradation can be assessed by CD-SKP and IR
spectroscopy before visual evidence of the degradation is revealed, which allows for shortening
of field or laboratory exposures. In this section, an artificial defect was added to the system to
shorten the time for degradation during field exposure. The corrosion mechanisms at the
coating/metal interface are of interest. Iron oxides formed under the polymer coating were
identified with Raman spectroscopy. The conditions (pH, oxygen and ions) under the coating
prior to corrosion product formation were determined.

The Raman spectra of the polymer/metal interface include the peaks associated with both iron
oxides and polymer, which overlap on corroded samples. Figure 2.22, Figure 2.23 and Figure
2.24 display the Raman spectra of steel coated with PVB, Eponol, and Eponol BLS, respectively,
in the uncorroded condition. Because there was no corrosion, the peaks in these spectra all
originated from the polymer coatings and were not considered during the analysis of corroded
samples. An average of 20 spectra per sample were taken to characterize PVB coated steel.
Fluorescence of Eponol during measurement complicated the analysis of some of the spectra
obtained on Eponol and Eponol BLS coated samples and these spectra were therefore not
considered further. Only representative spectra from specific areas are shown in this report.
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Figure 2.22: Raman spectrum of uncorroded PVB coated steel.
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Figure 2.23: Raman spectrum of uncorroded Eponol coated steel.
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Figure 2.24: Raman spectrum of uncorroded Eponol BLS coated steel.
PVB

Two corrosion morphologies were observed under the optical microscope. The first one is
referred to as bead-like corrosion in this report and was formed next to the coating defects (edges
and scratches). The second one is referred to as filiform corrosion (FFC) and grew from the
bead-like corrosion, not directly from the coating defect. Bead-like corrosion was composed of
non-directional round-shaped precipitates with dark color surrounded by a thin uniform
corrosion layer with lighter color, as shown in Figure 2.25. Close examination indicates that the
FFC filament in Figure 2.26 has the characteristics of an active growing filament: V-shaped neck
and head filled with electrolyte. Filaments stay active if the RH is above a critical value (20). If
the RH is below this critical value, the salts in the electrolyte precipitate and the filament
becomes inactive.
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Figure 2.25: Optical picture of bead-like corrosion formed under PVB during 2 months in
Waipahu, HI.

Figure 2.26: Optical picture of active filament growing under PVB after 2 weeks exposure in
Kilauea Volcano, HI.

The field sites can be classified in three categories from mild to very corrosive, as shown in
Figure 2.27, Figure 2.28 and Figure 2.29. Columbus and Campbell Industrial Park can be
classified as mild. Most corrosion products on the samples exposed in Columbus for 1 year were
formed during the first three months and they grew slowly throughout the rest of the year. The
Campbell Industrial Park site is close to the shore and next to a coal power plant so it is unclear
why the sample exposed in this site showed limited corrosion products. Key West, Lyon
Arboretum, Waipahu and Ewa Nui can be classified as having intermediate corrosivity. The
samples exposed in those sites exhibited similar amount of corrosion products, but considerably
more than what was found at the mild sites. Kilauea Volcano has the highest chloride (33
mg/m?/day) and sulfate (29 mg/m*/day) deposition rates and the samples exposed in this site
were heavily corroded in short periods of time. This site is classified as strongly corrosive.
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Figure 2.27: Sample photographs of PVB coated steel exposed in Campbell industrial park for 2
months (left) and Columbus for 1 year (right).

Figure 2.28: From left to right, sample photographs of PVB coated steel exposed in Key West for
3 months, Lyon Arboretum for 1 and 3 months, Waipahu for 2 months and Ewa Nui for 2
months.

Figure 2.29: Sample photographs of PVB coated steel exposed near Kilauea Volcano for 1
month.

PVB Filiform Corrosion

FFC was observed to propagate after removal from the field if the RH in the airtight container
was sufficiently high. Corrosion products of the filament heads and the filament tail were
measured with Raman spectroscopy. The oxides that constitute the filament were found to be
independent of the field site. Akaganeite (f-FeOOH) was found in inactive filament heads,
whereas green rust (3Fe(OH),Fe(OH),ClnH,O) was found in active filament heads.
Representative spectra of akaganeite and green rust with peaks at 431 and 506 cm™ are shown in
Figure 2.30 and Figure 2.31, respectively. These spectra agree with Raman spectra reported in
the literature for these compounds (21, 22). Akaganeite forms in environments with high
chloride concentration (23), and green rust is stable in low oxygen electrolyte above a certain
[CT)/[OH] ratio (24). Several papers have described the blue-green color of the filament head
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electrolyte (25). Akaganeite precipitates from chlorine-containing green rust, and the green rusts
measured in the filament head are labeled GRI(Cl) (26). The tails of active filaments were
composed of amorphous iron oxide, which seems to be ferrihydrite. A representative spectrum is
shown in Figure 2.32. Ferrihydrite and feroxyhyte are two amorphous phases that have similar
Raman spectra but the position of the peak at 700 cm™ is shifted to high wavenumber for
ferrihydrite and to lower wavenumber for feroxyhyte (21). Amorphous phase formation is
possible when oxygen is abundant, thereby enabling fast oxidation (27). The conditions of
formation of the iron oxides that constitute the filament support the mechanism of FFC. The
filament head contains chloride anions where green rust is found and oxygen is present at the
back of the filament head where amorphous phase precipitates (28).
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Figure 2.30: Raman spectrum of akaganeite (3-FeOOH) formed in inactive filament heads.
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Figure 2.31: Raman spectrum of green rust (3Fe(OH),Fe(OH),ClnH,0) formed in active
filament heads.
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Figure 2.32: Raman spectrum of ferrihydrite (5Fe,O3; 9H,0) formed in filament tail

Iron oxide formation in the confined electrolyte with limited oxygen access under organic
coatings can be investigated using Raman spectroscopy. The crystallization steps from green rust
to akaganeite can be isolated in this fashion. Filament head electrolytes at different levels of
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precipitation were analyzed. The Raman spectra are ordered in Figure 2.33 to trace the
crystallization steps from green rust to akaganeite. An intermediate was isolated with a sharp
peak at 147 cm™ in Figure 2.33c. This intermediate is not referenced in the literature because its
characteristic peak is below 200 cm™ and most detector filters in Raman spectroscopes cut off at
200 cm™. The peak at 312 cm™ belongs to the polymer. The peak at 189 cm™ seems to belong to
green rust because it is found with the two green rust peaks. The peak intensity at 147 cm’
increased as the green rust peaks disappeared and was maximal before the appearance of
akaganeite peaks. The peak intensity at 147 cm™ decreased as the akaganeite peaks increased.
The formation of this intermediate between green rust and akaganeite was confirmed in the
laboratory where akaganeite was synthetized from FeCl; and NaOH. Figure 2.34 shows the
Raman spectra of green rust, the akaganeite intermediate and akaganeite that were synthetized in
the laboratory. The extra peaks of the spectrum b belong to the paper filter used to filter the
solution.
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Figure 2.33: Raman spectra of akaganeite intermediates formed in drying filament heads. a
and b: Green rust, ¢ and d: akaganeite intermediate
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Figure 2.34: Raman spectra of akaganeite synthesized from FeCl, and NaOH. a: green rust,
b: Intermediate and c: akaganeite

PVB Bead-like corrosion

Bead-like corrosion was composed of pure crystalline, crystalline mixture and amorphous
phases. The pure crystalline phases were found in the bead centers or in local spots between two
beads; their exact natures were field site specific. A mixture of amorphous and crystalline phases
was found in the bead edge and in the uniform matrix surrounding the beads. Those phases were
not field site specific and are shown in Figure 2.38, Figure 2.39 and Figure 2.40. Figure 2.39 and
Figure 2.40 differentiate two types of amorphous iron oxides. Figure 2.38 shows the Raman
spectrum of a mixture of goethite and lepidocrocite. The intense peak at 250 cm™ is
characteristic of lepidocrocite and the intense peak at 384 cm™ is characteristic of goethite (29).
Akaganeite is the most common pure crystalline phase found. Akaganeite shown in Figure 2.35
was found in Campbell Industrial Park, Key West, Waipahu, Columbus and Ewa Nui.
Akaganeite was not found in the bead-like corrosion of the samples exposed in Lyon Arboretum
and Kilauea Volcano. Magnetite and goethite were formed respectively in Lyon Arboretum and
in Kilauea Volcano instead of akaganeite. A representative spectrum of magnetite formed in
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Lyon Arboretum is shown in Figure 2.37 and a representative spectrum of goethite formed in
Kilauea Volcano is shown in Figure 2.36.
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Figure 2.35: Raman spectrum of akaganeite (f-FeOOH) formed in bead-like corrosion in
Waipahu, Campbell, Ewa Nui, Columbus and Key West.
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Figure 2.36: Raman spectrum of goethite (a-FeOOH) formed in bead-like corrosion in
Kilauea Volcano.
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Figure 2.37: Raman spectrum of magnetite (Fe;O4) formed in bead-like corrosion in Lyon
Arboretum.
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Figure 2.38: Raman spectrum of amorphous formed in bead-like corrosion at all sites tested.
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Figure 2.39: Raman spectrum of amorphous formed in bead-like corrosion at all sites tested.
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Figure 2.40: Raman spectrum of lepidocrocite and goethite mixture formed in bead-like
corrosion at all sites tested.

Eponol

For Eponol-coated steel, corrosion formed next to the artificial defect and randomly under the
coating. As above, the field sites were ranked qualitatively from mild to very corrosive and the
ranking was the same as for PVB. As shown in Figure 2.41, Campbell Industrial Park was the
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least corrosive site with no random corrosion and Kilauea Volcano was the most corrosive site.
Figure 2.42 shows the corresponding higher magnification optical photographs. FFC under
Eponol appeared different than under PVB. The filament widths were not uniform and the
filaments were branched. The oxide film also appeared to be thinner. Raman spectra were
collected for Eponol coated steel and representative spectra are gathered in Figure 2.43. The iron
oxides formed under Eponol seem to be similar to those formed under PVB. Akaganeite was
found in all sites at local spots and in filament heads. One akaganeite intermediate was found in a
filament head. Goethite was found in most sites and lepidocrocite is only found in Lyon
Arboretum.

Figure 2.41: From left to right, sample photographs of Eponol coated steel exposed 2 months
in Campbell Industrial Park, Imonth in Lyon Arboretum, 2 months in Waipahu and 2 weeks
Kilauea Volcano.

Figure 2.42: From left to right, sample optical photographs of Eponol coated steel exposed 2
months in Campbell Industrial Park, Imonth in Lyon Arboretum, 2 months in Waipahu and 2
weeks Kilauea Volcano.
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Figure 2.43: Eponol or Eponol BLS coated 1018 Raman spectra. Spectrum a: Akaganeite;
spectrum b: Goethite; spectrum c: Lepidocrocite (Lyon Arboretum); spectrum d: Akaganeite
intermediate (filament head).

2.6.3 Field exposures discussion

2.6.3.1 Field sites

Coated steels without and with an artificial defect were exposed in New Hampshire, Ohio,
Florida and Hawaii. The coating transparency revealed the appearance of rust under the coating.
In addition, the interface degradation was assessed with SKP-CD and the rust formation was
investigated with Raman spectroscopy. The polymer bulk degradation was assessed with IR
spectroscopy. The field sites were ranked above according to their corrosivity to the system. ISO
9223 classifies field sites corrosivity into categories that are calculated from the time of wetness
(TOW), the sulfur dioxide and the airborne chloride deposition rate [x]. This standard defines
the TOW as the number of hours where RH > 80% and T > 0°C. It is assumed that those
conditions enable the formation of thin electrolyte film on metallic surface that leads to
corrosion. With the development of TOW sensors, it was demonstrated at multiple occasions that
corrosion takes place below RH: 80% and T < 0°C (30). A certain number of meteorological and
atmospheric data for the various field sites investigated were available and those data are
discussed below in relation to the field site ranking shown above.

To line up with ISO 9223, the RH, the temperature, the sulfur dioxide and the airborne chloride
are discussed below. The two latter parameters were not available for all field sites. The TOW
values were calculated according to ISO 9223 from the RH and temperature data. Those data
were available by the hour or minute. To complete the discussion on the TOW effect, some
TOW measurements from galvanic sensors were added to the discussion. Ozone concentration
data are also mentioned to study its potential effect on coated steel. Ozone is involved in several
atmospheric oxidation reactions. For instance, it enhances the oxidation of sulfur by producing
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radical OH (31). Therefore, ozone may have a direct or an indirect effect on coated steel.
Airborne deposition transport to the sample is of two natures that are referred to as wet and dry
deposition (32). In the case of wet deposition, the pollutants are dissolved in clouds, rain, fog or
snow before reaching the samples. Further reactions take place after pollutant dissolution in
droplets (32). Acid rains are a common example of wet deposition. Precipitation is a direct form
of wetting. The wet deposition rate is often simplified by AC where C is the pollutant
concentration and A is the washout coefficient, which is proportional to the precipitation intensity
(33). Dry deposition causes indirect metallic surface wetting by lowering the deliquescence
point. Dry deposition flux is described as V,[S], where V, is the deposition velocity and [S], is
the species concentration at a specific altitude z. Several deposition velocities specific of a
species and a surface nature are reported in the literature (34). Meteorology and diurnal variation
affect the deposition velocity measurement as well (35). Some forms of precipitation such as rain
tend to wash out dry deposition (36). Precipitation and some sulfate and chloride deposition data
were added to the discussion. UV radiation plays a role in the interface improvement mentioned
above and also in coating degradation. Solar radiation intensities as a function of wavelength are
discussed below.

The correlation of the meteorological and atmospheric data with the field site aggressiveness
ranking is discussed in three types of tables. The first type of Table 2 and Table 3 include the
temperature, the ISO 9223 TOW and the galvanic sensors TOW. The galvanic sensor measures a
coupling voltage when the water film bridges the electrode gap. Dry deposition that causes
deliquescence depends on surface nature. Therefore, the TOW depends on the sensor used. The
hydrophobic nature of a coating in contrast with metal strongly affects the TOW. The species
reactivity with the surface and the solubility lowers the surface resistance of the dry deposition
velocity (37, 38). On the other hand, ISO 9323 TOW is not surface specific because it only
depends on the RH and temperature. The second type of table (Table 4 and Table 5) includes
precipitation intensities, the ozone and dioxide sulfate concentrations, sulfate and chloride
airborne concentration and sulfate and chloride depositions. Precipitation is an important factor
to consider with atmospheric data because it carries atmospheric pollutants and washes out dry
depositions. The third type of table (Table 6) includes the temperature and the UV radiation.
These parameters are relevant to coating aging (39). The tables divide the analysis of the coated
steel without artificial defect from the coated steel with artificial defect. The routes of
degradation are different in those two cases and the degradation assessment approach was also
different. Each sample was exposed for different time periods, so to help the comparison, the
first month, the first two months and the first four months of exposure are considered.

The field site ranking from least to most aggressive is summarized below. Recall that the
interface degradation of coated steel without an artificial defect was determined from visual and
CD-SKP assessments and the interface degradation of coated steel with an artificial defect was
determined from visual assessment. The polymer degradation of the coated steel without
artificial defect was investigated with IR spectroscopy.
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Interface degradation of coated steel without defect:

* Thompson, NH << Columbus, OH < Mauna Loa, HI << Lyon Arboretum, HI < Waipahu,
HI

Interface degradation ranking of coated steel with defect:

¢ Campbell, HI = Columbus, OH << Lyon, HI = Waipahu, HI = Key West, FL. = Ewa Nui,
HI << Kilauea, HI

Polymer degradation of coated steel without artificial defect:

*  Thompson, NH < Columbus, OH << Lyon Arboretum, HI = Mauna Loa, HI < Waipahu,
HI

TOW:

Table 2 and Table 3, the fourth column reports the TOW in hours per period according to the
ISO 9223 definition (RH > 80%, T < 0°C). The conventional TOW unit reported in the ISO 9223
are hours per year. Only the first month of exposure was considered so the TOW is the number
of hours where the condition (RH > 80%, T < 0°C) is met during the time period. The time
period is mentioned in the second column of the table. This TOW is referred to as TOW(ISO) in
the discussion. The last column report the average TOW in mV measured in the Hawaiian field
sites. The sensor faced up maximum and minimum values of 25 mV and 0 mV, respectively.
This TOW is referred to as TOW(Sensor) in the text.

As shown in Table 2, samples exposed in Thompson Farm and in Columbus did not show any
sign of polymer degradation so their interface degradation can be compared. Both sites exhibited
similar TOW(ISO). The samples were exposed in Columbus and in Thompson Farm at different
seasons, which may partially explain the faster interface degradation in Columbus. Samples
exposed in Mauna Loa, Lyon Arboretum and Waipahu exhibited polymer degradation as well as
interface degradation. The lower temperature and TOW(ISO) in Mauna Loa during the first
exposure month may explain the slower interface degradation. The climate in Lyon Arboretum is
very humid in contrast with Waipahu, which has a dry climate. The month of January 2012 was
an exceptionally humid month for Waipahu. The TOW(Sensor) recorded a higher value but a
smaller value of TOW(ISO) for Waipahu in comparison with Lyon Arboretum. The sensor
surface in Waipahu likely contained impurities that lowered the deliquescence point. Waipahu
received more airborne chloride than Lyon Arboretum and less frequent rain that washed out dry
deposition as shown in Table 4.
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Table 2: TOWs of the first month of exposure of PVB coated steel without artificial defect

(40-43).
Period RH = 80%;
Sites (MM/YY) Temp. (°C) T<0°C TOW (mV)
(h/period)
Thompson
Farm, NH 10/10 10£5 274
Thompson
Farm, NH 03/12 6+8 171
Columbus,
OH 05/11 19 372
Columbus,
OH 08/11 25 222
Mauna Loa
observatory, 10/12 9+3 116
Hi
Lyon
arboretum, 01/12 2142 488 5.7
HI
Waipahu, HI 01/12 2343 159 11.4

Among the field sites of the Oahu Island in Hawaii, Campbell is the only one that shows
practically no corrosion propagation under the coating from the artificial scratch after 2 months
of exposure, Table 3. This site is situated in the plume of a coal power plant and approximately 1
km from the shore. The TOW(ISO) indicated that only 2 hours during 2 months of exposure
exceeded 80% RH. In this case, this meteorological parameters explain the slow interface
degradation. The samples exposed at Kilauea volcano exhibited excessive corrosion propagation
compared to the other sites even though it was only exposed for 1 month. The TOW(ISO) or the
TOW(Sensor) do not reflect this fast corrosion propagation. The ranking of the other field sites
cannot be explained by TOW comparison as well. For instance, Lyon Arboretum and Waipahu
exhibited a similar amount of corrosion even though the humidity was higher at Lyon
Arboretum. Kilauea Volcano TOW(Sensor) was lower than Ewa Nui TOW(Sensor) even though
the TOW(ISO) is higher. This means that the wettability or the deliquescence point was higher
on the sensor exposed to Ewa Nui. The chloride deposition was higher at Kilauea than at Ewa
Nui as shown in Table 5. Therefore, the chloride deposition cannot explain the lower wettability
of the sensor surface exposed at Kilauea. The rain intensity was higher at Kilauea and the
temperature was lower. These two meteorological parameters can explain the TOW(Sensor)
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measured. The different pollutant composition at Ewa Nui and at Kilauea volcano influenced the
wettability but the atmospheric data are not sufficient to make more conclusions on the details.

Table 3: TOWs of the first two months of exposure of PVB or Eponol coated steel with

artificial defect (42, 43).

. Period o RH > 80%
Sites (MM/YY) Temp. (°C) (h/period) TOW (mV)
Columbus,
Ol 07/12-08/12 26 271
Key West, | 5/12-06/12 28 358
FL
Lyon
arboretum, 09/12-10/12 2242 1139 15.3
HI
Waipahu, HI | 09/12-10/12 2542 116 4.3
Ewa Nui, HI 09/12-10/12 2542 125 9.4
Campbell
industrial 07/12-08/12 26+2 2 2.0
park, HI
Kilauea
Voleano, HI 07/12 20+2 391 7.1

In Table 4 and Table 5, precipitation and atmospheric data are summarized. Ozone and sulfur
dioxide are measured in ppm from UV photometric gas analyzers and pulsed fluorescence sulfur
dioxide analyzers, respectively. Total daily sulfate and chloride ions from wet candles in mg/m”
and from aerosol in ppt are reported in the table.

As shown in Table 4, the ozone concentration averages did not dramatically change from one
place to another so this parameter cannot explain field site ranking. Only sulfur dioxide and
sulfate ion are available at the Thompson Farm. The field site ranking in Hawaii can be
explained through the daily chloride deposition measurement. Higher chloride deposition
resulted in increased interface degradation. At Waipahu, the chloride deposition increased as the
precipitation intensity decreased. Therefore, the pollutant deposition depends on the frequency
and intensity of rain events.
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Table 4: Precipitation, atmospheric data of the first month of exposure of PVB coated steel
without artificial defect (40, 41, 44, 45).

Total Total Total
. Period monthly daily Lo
Sites (MM/YY) precip. [Os] (ppb) [SO:2](ppb (SO daily [C21
(mm) ) (mg/mz) ] (mg/m’)
. (1) . (1)
Thompson |1 112.6 Mali(/ieg{-z Mﬁ'e:{: 1999-
Farm, NH ' ) a | 1999-2007 2007
2348 0.3+0.4 Aerosol Aerosol
Thompson Max: 64.9 | Max: 4.40 583 pptv(4) 177
F NH 03/12 62.5 Mean: Mean: @
arm, 374100 | 0.4+0.50 pp
Max:61?®
C"l‘énﬁbus’ 05/11 150 Mean:
4341190
Max:66@
C"l‘énﬁbus’ 08/11 63 Mean:
49410
Max:61®
C"hén;[bus’ 05/11 150 Mean:
4341190
Lyon
arboretum, 07/11 199.6 1.9®
HI
Lyon
arboretum, 01/12 29.2 1.6
HI
Wai_fl’?h“’ 07/11 142 7.0
Wai_fl’?h“’ 01/12 8.9 12.1
Mauna Loa 1
Max:60"
obserzﬁtory 10/12 19 Mean: 32411 0.045

D Hourly average

@ Daily average (Max daily 8h)

© 6 miles away from location

“ Daily average

© Value not available so average of the 4 previous year of the same months

In Table 5, the chloride concentration is seen to increase with precipitation intensity when
considering Lyon Arboretum, Waipahu, Ewa Nui and Campbell. The three latter locations are
within a 5 miles radius of each either. The corrosion propagation under the coating after 2
months exposure were similar on the samples exposed to these locations except for Campbell.
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Even though Campbell received the most chloride deposition, the corrosion did not progress
under the coating because of the particular low TOW(ISO) and rain events within the 2 months
of exposure. Kilauea Volcano received the highest depositions of sulfate and chloride and
triggered the most corrosion underneath the coating. The deposition velocity on the wet candles
can be calculated from the sulfur dioxide and the sulfate deposition flux.

Table 5: Precipitation, atmospheric data of the first two months of exposure of PVB or
Eponol coated steel without artificial defect (42, 44).

Total Total Total
Sites Period monthly Average A[Vseéa?e [(;acl)l}.]] daily
(MM/YY) precip. [0:] (ppb) ( b2) m /‘;n b | [CI]
(mm) PP 5| (mgin)
Max:
Columbus, g5(H@
OH 07/12-08/12 55+13 Mean:
58+1410
Key West, FL | 05/12-06/12 189+70
Lyon
arboretum, 09/12-10/12 193 1.2
HI
Waipahu, HI | 09/12-10/12 10 8.4
Ewa Nui, HI | 09/12-10/12 8 10.6
Campbell e
industrial 07/12-08/12 5 Mean' 8.7 13.8
park, HI 190,30
Max:
Kilauea 11729
Volcano, HI 07/12 15.2 Mean: 37 24.4
5542159

W Daily average (Max daily 8h)

@ 6 miles away from location

® Daily average (Max daily 1h)

® 2.8 miles away from location

©) 15 miles away in the Volcanic National Park

In Table 6, the total radiation in MJ/m” and the average radiation in Watt/m® are reported. The
wavelength range depends on the sensitivity of the UV sensor. The polymer photo-oxidation was
faster at Waipahu than at Lyon Arboretum because the solar intensities and temperature were
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higher at Waipahu. The solar radiation, the temperature and the ozone concentration were higher
at Columbus during the exposure time than at Mauna Loa. Therefore, the slower polymer photo-
oxidation at Columbus cannot be explained with those parameters. The elevation at Columbus is
244 m above sea level while the elevation at Mauno Loa is 3389 m. Therefore, it can be assumed
that the UV intensity is higher at Mauno Loa. The polymer photo-oxidation was slower at
Thompson Farm for the exposure time period than at Columbus because the solar intensity and
temperature were higher at Columbus. The elevation at Thompson Farm elevation was also
slightly lower (40m) than at Columbus.

Table 6: UV radiation of the first fourth month of exposure of PVB coated steel without

artificial defect (45).
' Period ) Total (0.400- (0.400-0.700 UV radiation
Sites (MM/YY) Temp. ("C) 1.100 wm) m) (W/m?) (0.295-0.385
MIm? | M um) (W/m?)
Thompson
Farm, NH 10/10-01/11 2+8 594
Columbus, )
OH 05/11-08/11 28 2790
Lyon
arboretum, 07/11-10/11 22+1 83.6 4.2
HI
Waipahu, HI | 07/11-10/11 2542 219.6 14.7
Mauna Loa
observatory, | 10/12-01/13 77 2351
HI

70 miles away from location

2.6.3.2 Degradation mechanisms

Assessments were made of the interface and polymer degradation of field exposed coated steel
with and without artificial defect. Interface and polymer degradation of coated steel without
artificial defect were assessed with CD-SKP and reflective IR spectroscopy, respectively.
Corrosion product and morphology formed at the polymer/metal were investigated with optical
microscopy and Raman spectroscopy.

Coated steel exhibited interface improvement after few days in the field, which did not take place
in the desiccator. The coating lifetime was elongated by this improvement so it should be taken
into account in the coating failure prediction. UV and humidity, which were not present in the
desiccator, may be responsible for this interface improvement. Short laboratory exposures with
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UV and humidity were performed to understand their effects, and these results are presented in
the next section.

Polymer/metal interface degraded with time before polymer photo-oxidation was detectable. The
interface degraded during Thompson farm and Columbus exposures while no polymer photo-
oxidation took place. The interface degraded during Mauna Loa exposure as the polymer
underwent photo-oxidation. PVB photo-oxidation increases the content of carbonyl, which forms
after ring opening of the 1,3 dioxane. The reflective IR spectroscopy probes the entire coating
thickness. Therefore, it cannot be determined if the polymer photo-oxidation took place
exclusively at the polymer surface or throughout the entire film. Polymer photo-oxidation affects
the polymer properties such as wettability and water solubility (46, 47), which may influence the
mechanism of interface degradation. In the absence of polymer photo-oxidation, the interface
degradation may result from salt migration or water trapped at the interface. After several
wet/dry cycles, it was observed that the potential of the buried interface was not reversible so the
interface could not completely recover (9).

After field exposure, the corrosion morphology under PVB close to the scratch or the coating
edge was described above as bead-like corrosion. FFC having heads with V-shaped boundaries
grew from bead-like corrosion. FFC under Eponol looked different than under PVB. Under
Eponol, the boundary separating the head from the tail was a straight line rather than V-shaped.
Filament shapes were previously compared under 300 and 150 nm thick epoxy coating coated on
1045 steel (48). The authors reported that the filaments were shaped as a “string of beads” under
the thinner coating (150 nm) and that the V-shaped neck was not observed. They also measured
cathodic activity ahead of the filament head with SKPFM.

Iron oxides of FFC with V-shaped neck were identified using Raman spectroscopy as described
above. The presence of green rust in active heads, akaganeite in inactive filament heads, and
amorphous oxide in tails confirm the accepted mechanism of FFC described in the literature.
Weathering and atmospheric parameters did not influence the FFC mechanism after initiation
because the polymer acted as a barrier to the external environment. As described above, the
bead-like corrosion centers were composed of akaganeite in most sites. Akaganeite is a
crystalline oxyhydroxyde that forms in presence of high chloride concentration (14). Its
tetragonal crystal structure relies on the insertion of chloride ions (49). If the chloride ions are
drained out of akaganeite, the crystal structure rearranges into the orthorhombic goethite crystal
structure. Concentrated chloride electrolytes are often encountered in atmospheric corrosion (50).
Therefore it is suggested that the bead center was the main anode. The bead edge and the matrix
surrounding were made of amorphous phase and a lepidocrocite / goethite mixture. Amorphous
iron oxide precipitates when the reaction is accelerated by oxygen. Therefore, it is likely that the
main anode reaction was supported by the oxygen reduction taking place around the bead center.
The lepidocrocite / goethite mixture may be explained by the wet/dry atmospheric corrosion
mechanism of iron proposed in the literature advanced by Evans and Taylor and experimentally
proved by Stratmann (51, 52). Lepidocrocite is reduced instead of oxygen to support the anodic
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reaction. During this process lepidocrocite is transformed into a reduced form of lepidocrocite
that converts irreversibly into magnetite when the reaction is completed (52). Goethite does not
reduce like lepidocrocite, so it accumulates in the rust when formed (53). Goethite is crystalline
under many conditions where chloride ions are not necessary. The bead centers formed after
exposure at Lyon Arboretum and at Kilauea Volcano were not composed of akaganeite: they
were magnetite at Lyon arboretum and goethite at Kilauea Volcano. This is in contrast with FFC
where the weathering and atmospheric parameters do not influence the mechanism of FFC after
its initiation. FFC progresses away from the scratch, whereas bead-like corrosion takes place
next to the scratch where it can be more easily influenced by atmospheric and weathering
parameters.

2.6.4 Laboratory exposures without artificial defect

Laboratory exposures have the advantage of isolating weathering and atmospheric effects on
coated steel degradation. ASTM laboratory tests and controlled atmospheric exposures were
performed. Coated steel degradation was assessed with CD-SKP and IR spectroscopy. The
effects of salt fog and weathering exposures on coated steel were studied using the ASTM B117
and G154 accelerated tests. Ozone photolysis was reproduced in a controlled environment and its
effect on coated steel was studied.

ASTM standard exposures: B117 and G154

The continuous salt fog of B117 attacks the PVB/steel interface within few hours. The CD starts
above 11000 um in Figure 2.44 after 1 day of exposure due to pre-delamination in the B117
chamber.
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Figure 2.44: PVB coated steel CD-SKP after 1 and 2 days of B117 exposure.
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The UV and condensation cycle of G154 at elevated temperature triggered PVB photo-oxidation
after few days. G154 temperatures of 60°C and 50°C are below the PVB glass transition
temperature, which is around 70°C. A sudden increase of the carbonyl peak at 1723 cm™ in
Figure 2.46 was noticeable after 6 days of exposure. The CD rate decreased after 2 days of G154
and then increased again after 6 days of G154, as shown in Figure 2.45. The polymer/oxide
interface stability improved after short exposure time and decayed with longer exposure time.
This PVB coated steel interface behavior was also observed in the field, as discussed above.
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Figure 2.45: PVB coated steel CD-SKP after 2, 4 and 6 days of G154.
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Figure 2.46: PVB IR spectra after 2, 4 and 6 days of G154.
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Outdoor exposure combines corrosive and weathering environments so the effects of B117/G154
cycles on coated steel were investigated. The effect of B117 exposure before G154 exposure is
shown in Figure 2.47 and Figure 2.48. The addition of 24 h of G154 after 6 h of B117 decreased
the CD rate, as shown in Figure 2.47. Figure 2.48 shows that the CD increased again after longer
G154 exposure. The polymer/oxide interface degradation after 6 h and 12 h of B117 was restored
after short G154 exposure.
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Figure 2.47: PVB coated steel CD-SKP after B117/G154 exposure.
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Figure 2.48: PVB coated steel CD-SKP after B117/G154 exposure.
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The effect of G154 exposure before B117 exposure is shown in Figure 2.49 and Figure 2.50.
After 48 h of G154 exposure, the CD rate decreased with the addition of 6h of B117. It is unclear
why the CD rate decreased in this case. This experiment was reproduced and a smaller decrease
was observed, Figure 2.50. Short pre-G154 exposure retarded the interface degradation during
B117 exposure. The CD rate increased after 6 h of B117 when pre-exposed to G154 for 144 h as
shown in Figure 2.49. PVB exhibited extensive photo-oxidation after 6 days (144 h) of G154
exposure. These results suggest that only short exposure to G154 exposure is beneficial for
PVB/steel interface before PVB photo-oxidation takes place.
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Figure 2.49: PVB coated steel CD-SKP after B117/G154 exposure.
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Figure 2.50: PVB coated steel CD-SKP after B117/G154 exposure.
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Discussion

The effect of UV and humidity along with salt was investigated for PVB coated 1018 in a
corrosive and a weathering chamber. The ASTM standard B117 and G154 were used in this
study. The salt fog of B117 rapidly degraded the interface and induced delamination in few
hours. The UV/condensation of G154 improved the interface stability after short exposure (1-4
days). It was also showed that short G154 exposure (1-2 days) after 6h of B117 recovered the
degraded interface. Longer G154 exposure (6 days) accelerated interface degradation during
B117. Those results show the importance of including B117 and G154 parameters into a reliable
accelerated test to predict coating lifetime.

UV and water in laboratory air, clean air and nitrogen environments

The effects of weathering and atmospheric parameters were investigated in an enclosed
atmospheric cell that was well controlled. UV, RH and ozone concentration were the three
parameters of interest in this study. The first set of data addressed the effects of UV and humidity
in different gaseous environments such as nitrogen, clean air or laboratory air. The second set of
data focussed on the effects of ozone, UV and RH in a controlled nitrogen/oxygen environment.
All of these exposures were short and no PVB molecular change was detected with IR
spectroscopy. The coated steel interfaces after exposures were assessed with CD-SKP.

The PVB coated steel interface improved after short G154 exposure and field exposure. The
important parameters to reproduce this interface improvement are UV and condensation. Figure
2.51 shows the effects of the gaseous atmosphere for exposures that included UV. The CD rate
decreased significantly only after UV exposure in laboratory air. This indicates that the presence
of humidity in the lab air is therefore necessary to improve the interface stability.
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Figure 2.51: PVB coated steel CD-SKP after 4 days of UVA exposure in different
environments.
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Figure 2.52 shows the results of the same experiment, except without UV irradiation and with
100% RH instead of just with the natural lab RH, which was uncontrolled, but varied between
20-80%. In this case, the CD rate was reduced only after exposure in the nitrogen environment.
In environments containing oxygen, UV was necessary for the interface improvement
mechanism that involved UV and condensation. In the absence of oxygen, another mechanism
involving only condensation improved the interface stability.
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Figure 2.52: PVB coated steel CD-SKP after 4 days of exposure at 100% RH in different
environments.

As shown Figure 2.53, the CD rate decreased after exposure in all environments with UV
irradiation and 100% RH. The CD rate was similar after exposure in clean air and laboratory air.
Therefore, the additional components in laboratory air, such as ozone and organics, did not
influence the improvement in this exposure. However, the CD was slower after exposure in
nitrogen than in lab or clean air.
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Figure 2.53: PVB coated steel CD-SKP after 2 days of UVA exposure at 100% RH in
different environments.

Eponol BLS coated steel was exposed to UV and 100% RH in clean air. The CD was accelerated
after both UV exposures in humid and dry environment, as shown in Figure 2.54.
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Figure 2.54: Eponol BLS coated steel CD-SKP after 4 days of UVA exposure with and
without 100% RH

UV, ozone and RH exposures in controlled environments
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UV and RH are the two important parameters to reproduce PVB/steel interface improvement
observed in the field. UV is transmitted through the coating to the metallic surface if it is not first
absorbed by the polymer. In a humid environment, water can be absorbed by the coating and
diffuse to the metal surface where polymer-oxide bonds are replaced with water-oxide bonds (9).
The access of oxygen and ozone to the metallic surface is less straightforward because oxygen
and ozone can react with the polymer surface (46, 54). Figure 2.55 shows that CD was
accelerated after exposure to an environment containing UV, ozone and RH in comparison to
unexposed samples. In this grouping of experiments, the current set was the only one that
included the CD of unexposed samples.
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Figure 2.55: PVB coated steel CD-SKP after 4 days of UVA, [O3] 0.1 ppm exposure at 95%
RH.

In Figure 2.56, the ozone concentration effect is investigated in the presence of UVB and 95%
RH. The CD was strongly accelerated after exposure of 1 ppm of ozone. Lower ozone
concentrations had little effect on the interface degradation.
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Figure 2.56: PVB coated steel CD-SKP after 4 days of UVB exposure at 95% RH with
different [O3].

Figure 2.57 and Figure 2.58 show the effect of RH in the presence of UVA or UVB and 0.1 ppm
of ozone. The CD rate decreased as the RH was increased. In Figure 2.58, the CD after dry
exposure was slower than after humid exposure.
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Figure 2.57: PVB coated steel CD-SKP after 4 days of UVA, [O3] 0.1 ppm exposure with
different RH.
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Figure 2.58: PVB coated steel CD-SKP after 4 days of UVB, [O3] 0.1 ppm exposure with
different RH.

Figure 2.59 shows the effect of UV irradiation in presence of 0.1 ppm of ozone and 95% RH.
The CD was faster after exposure without UV than with UV. The CD rate was similar after UVB
and UVA exposure. The PVB molecule does not absorb radiation in the UV range so the shorter
wavelengths emitted by the UVB lamp might not affect PVB (19). Also, the presence of ozone in
the chamber can screen the shorter wavelength radiation. UVB caused more ozone photolysis
product than UVA, but the results shown in Figure 2.56 indicate that a small ozone concentration
(0.1 or 0.25 ppm) in the presence of UVB did not affect the PVB/steel interface.
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Figure 2.59: PVB coated steel CD-SKP after 4 days of [O3] 0.1 ppm exposure at 95% RH
with and without UV.
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Discussion

In a controlled atmospheric cell, the effects of ozone, humidity and UV can be decoupled. Ozone
was investigated because it is a strong oxidant present in that troposphere that may accelerate the
degradation. Ozone photolysis produces atomic oxygen O('D) and ground state oxygen atom
O(C’P) (32). The production of O('D) is maximal in the Hartley band (200-320 nm). However, its
formation was observed up to 336 nm (55). UVA and UVB lamps, which have maximum output
at 369 and 313 nm, respectively, were used in this work. Therefore, the production of O('D) was
limited. O('D) decays to OCP) or reacts with water to form radical OH. OCP) is produced from
ozone in the Huggins band (300-360 nm). O('D) and O(CP) react differently with the polymer.
O('D) reacts through oxygen insertion while OCP) and ozone react via hydrogen abstraction
(56). The propagation mechanism of photo-oxidation breaks the polymer chain via tertiary
hydrogen abstraction. It can be concluded that ozone can accelerate interface degradation when
present above a threshold concentration. In contrast, UV and high RH can stabilize the PVB/steel
interface.

2.6.5 Laboratory exposures of coated steel with artificial defect

FFC under PVB and Eponol was investigated in the laboratory because it was observed in the
field. As described in the experimental section, two approaches were used to initiate FFC. The
first approach used immersion in different solutions and the sample was not dried before placing
it into the high temperature, high humidity environment to stimulate filiform growth. The
presence of cations such as Na' in the solutions enabled CD from the scratch. In the second
approach, the electrolyte was HCIl and the electrolyte was dried before the high temperature
exposure. CD did not occur because of the absence of Na™.

FFC test 1

FFC morphology was observed using the optical microscope to compare filament growth under
Eponol and PVB. Figure 2.60 shows optical photographs of filaments that grew under Eponol.
Along the edge of the main filament are smaller filaments growing at right angles. The line
indicating the border between the filament head and tail is straight instead of V-shaped. This
more open boundary may lead to chloride migration perpendicular to the growth direction, which
allows for initiation of small filaments that growing sideways from the main filament.
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BT
Figure 2.60: Optical photographs of filfirom corrosion of Eponol coated 1018.

Figure 2.61 displays the optical photographs of FFC under PVB that was initiated with different
electrolytes. Filaments under PVB can look linear with straight edges or like a “string of beads”
with regular bulges (48). More and longer filaments grew when the electrolyte was 0.1M NH4Cl
than in 0.1 NaCl. The number of filaments and the filament growth kinetics increased with
chloride concentration.

Figure 2.61: Optical photographs of FFC of PVB coated 1018. From left to right, the FFCs
were initiated by 0.1 M NH4Cl, 0.01 M NaCl and 0.1 M NaCl

The SKP potential map represented in Figure 2.62 is characteristic of all FFC tests containing 0.1
M sodium chloride. In this map the scratch is situated above the filament growth from top to
bottom as shown by the black arrows. The corrugation of the potential map is considered to be a
real effect (not an artifact) related to the polishing lines, which were periodic and perpendicular
to the scratch. The polishing scratches affect the electrolyte transport under the polymer. The
map is large enough to visualize the potential of the coating ahead of the filament. This coating
potential is separated with a potential jump into two plateaus, one at 0.31 V/SHE and one at 0.23
V/SHE. This boundary suggests that CD had occurred in this region. The fact that the potential
in the delaminated region is high indicates that this region had repassivated and CD had ceased at
the time of the measurement. This was observed previously by Williams and McMurray who
studied FFC of PVB coated iron foil (57). They found that cathodic delamination occurred
before FFC initiation and proposed that cathodic delamination stops after exhaustion of cations.
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Figure 2.62: Potential map of PVB coated 1018 after 5 days of FFC test initiated with 0.01 M
NaHCOj; and 0.1 M NaCl. The values given on the map are local potentials in V/SHE.

Figure 2.63 shows a more detailed potential map of the region surrounding a filament head. This
type of map was measured for several filament heads but not all of them. The filament growth
direction is indicated by the orange arrow. The filament head, which was situated at the low
potential spot (shown as black), was preceded by an elongated lower potential zone (dark grey).
It is unclear why there was a lower potential zone but it seems that the filament direction was
driven by this lower potential region.
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Figure 2.63: Potential map of filament head of PVB coated 1018 after 5 days of filifrom
corrosion test initiated with 0.01 M NaHCO; and 0.1 M NaCl.
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Figure 2.64 shows the potential profiles after FFC tests initiated by different electrolytes. Those
profiles are measured to highlight the pre cathodic delamination. No cathodic delamination
occurred when Na™ was replaced by NH," or when NaCl concentration was low (0.01 M vs. 0.1
M). Cathodic delamination is limited by the cation size and concentration as was previously
shown by Leng et al. (58). This result is important in atmospheric corrosion where ammonium is
more abundant than sodium (40).
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Figure 2.64: Potential profiles after FFC test of PVB coated 1018.

FFC test 2

The optical photographs in Figure 2.65 compare the FFC under PVB and Eponol coatings. No
bead-shaped filaments formed under PVB in this FFC test. The electrolyte was dried before
insertion of the sample in the oven. This difference in experimental procedure suppressed the
formation of the bead-shaped attack. FFC started earlier under PVB than under Eponol and the
filaments were generally thicker under Eponol than under PVB. The filament width was not
uniform under Eponol and the filaments tended to branch by head splitting. The branched
filaments are difficult to see in the picture due to their small sizes.
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Figure 2.65: Optical photographs of FFC under PVB (top) and Eponol (bottom) coated on
steel initiated with 0.5 M HCL

Williams and McMurray proposed that the filament head volume (v) is proportional to the
amount of chloride (16).

V= kNCl_ (21)

They also described the filament head shape as an oblate hemispheroid (16) so the volume can be
given as:

v = %nxrz (2.2)

where x is filament height and r is filament radius. Assuming that the ratio (x/r) is constant, the
filament head volume is proportional to the radius cubed (16):

v=kyrs (2.3)

Setting Equation 2.1 and Equation 2.3, the amount of chloride is seen to be proportional to the
radius cubed (16):

NCl_ == k2T3 (24)
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Two filaments can merge when their heads reach the same point at the same time. This
phenomenon was often seen under PVB and is shown in Figure 2.66 where filament 1 and 2
merged to form filament 3. The merged filament head contained the combined electrolyte of both
filament heads. Therefore, the amount of chloride in filament 3 head was equal to the sum of the
amount of chloride of the heads of filaments 1 and 2. Table 7 reports the filament width and the
filament depth values measured from the optical profilometry pictures. The filament width was
equal to the filament head diameter. The filament depth reported corresponds to the maximum
depth of the filament channel. Equation 2.4 was verified for PVB coated steel as shown in Table
7. The sum of the radius cubes of filaments 1 and 2 was similar to the radius cubed of filament 3.
The filament 3 depth was similar to the sum of the depths of filaments 1 and 2. Therefore, the
amount of chloride and the filament head volume were proportional to the filament depth.
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Figure 2.66: Optical profilometry pictures of merging filaments under PVB.

Table 7: Merging filament depths and diameters of Figure 2.66.

Filament number 1 2 3 1 2 3

Filament width 0.17 0.12 0.21 0.09 0.11 0.15
(mm) 0.18 0.13 0.19 0.1 0.12 0.13

(11 )*+(r2)’ (mm?) 0.00091 0.0003
(13)’(mm’?) 0.001 0.00034

Filament bottom 0.3 0.4 0.7 0.6 0.7 0.7
depth (um) 0.3 0.4 0.9 0.5 0.6 1
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Under Eponol, filaments often split as can be seen in the optical picture of Figure 2.67. After
long exposure, thin filaments covering the main filament edge were visible. It is suspected that
the thin filaments initiated from the main filament head but the filaments were not visible until
they were some distance from the head when they had reached a detectable size. Another
characteristic feature of FFC under Eponol is the change in filament width that can be seen in the
optical pictures of Figure 2.67 and Figure 2.65. The amount of chloride in the main filament
head was distributed among the split filaments. The filament maximum depths at different
locations of the filament were measured and reported in the optical profilometry image of Figure
2.67. The filament depth was independent of the filament width and the amount of chloride. The
average roughness next to this filament was 93.467 nm and the root mean square roughness was
0.192 um. The filament might have been too shallow relative to the sample roughness to
differentiate the filament depth.
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Figure 2.67: Optical picture before rust removal (left) and optical profilometry pictures after
rust removal (right) of filaments under Eponol.

The average filament depth is plotted as a function of filament width in Figure 2.68 and Figure
2.69 for PVB and Eponol, respectively. The average depth was calculated from the filament
groove volume divided by the filament contour area. The average depth was a small value close
to the sample roughness. Despite the scattering of the average depth, a tendency between the
filament depth and the filament width is apparent in both plots. The filament width is equal to the
filament head diameter if the filament head is circular. The filament head shape and volume
proposed by Williams and McMurray (16) and described by Equations 2.1-2.4 were therefore
confirmed for PVB coated steel. For Eponol coated steel, the filament width was not constant
and the filament head split. These observations indicate that the filament head shape varied
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during the filament growth. Each point in Figure 2.68 and Figure 2.69 corresponds to one
filament chosen on several samples. The filaments considered for Eponol coated steel
corresponded to the filament portion that kept a constant width.

The filaments were thicker under Eponol and less deep than under PVB. As shown in Figure
2.68, the filament depth increased linearly with the filament width under PVB. Therefore,
according to the oblate hemispheroid model, the filament depth increased with the filament head
volume and the amount of chloride. In Figure 2.69, the filament depth increased with the
filament width by one big step at values of about 0.55 mm under Eponol.
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Figure 2.68: Filament depth and filament head diameter relationship under PVB.
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Figure 2.69: Filament depth and filament head diameter relationship under Eponol.

163



FFC rate is either controlled by electron transfer at the head surface or by ohmic/migration
effects (16). Williams and McMurray developed a model to determine the rate-limiting step of
FFC for PVB coated AA2024 (16). It was assumed that the filament head cell current was
proportional to the delaminated area. This assumption might be valid for coated aluminum but
the data for coated steel shown above contradict it. The Williams and McMurray model can be
modified by setting the filament head current proportional to the iron dissolution flux that
corresponds to Faraday’s law. With this modification, the Williams and McMurray model states
in both scenarios the following equations.

Surface control: &% = kr2 (2.5)
dt

Ohmic control: & = k” r (2.6)
dt

The iron dissolution fluxes are plotted as a function of head radius in Figure 2.70 and Figure
2.71. The head radius is the filament width divided by 2. The iron dissolution flux was taken as
the delamination rate measured from the optical photographs multiplied by the average filament
depth calculated and presented in Figure 2.68 and Figure 2.69. Each point corresponds to one
filament. In the case of Eponol, only the filament portions with constant width and linear rate
were considered. Equations 2.5 and 2.6 were fitted to the experimental data. Table 8 reports the
equation constants and the quality of the fit given by R”. A constant was added to the equations
to account for offset. The values of R* are above 0.9 for all of the fits. The R* value of the
surface control fit was slightly higher than that for ohmic control for both coating systems. This
suggests that surface control was more likely. However, both equations fit the data well so a
definitive conclusion about the controlling mechanism cannot be drawn.

6x10° -PVB

5x10°

&

By

x

iy

o
1

w
x
o
o
&
1

&

N

x

o

o
1

&

Fe dissolution flux (mm’/h)

o
1

T T T
004 006 008 010 012 014 0.6
Head radius (mm)

Figure 2.70: Iron dissolution flux as a function of filament head radius under PVB with
surface and ohmic limited rate fits.
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Figure 2.71: Iron dissolution flux as a function of filament head radius under Eponol with
surface and ohmic limited rate fits.

Table 8: Surface and ohmic limited rate fitting equation with adjusted R* under PVB and

Eponol.
PVB Eponol
Equation R? Equation R?
—8-1078 + 2.04
Surface Control 10472 0.977 2-10719 +1.9-1078r? 0.934
Ohmic Control | —1.7-107¢+4.0-10"°r | 0924 | -1.2-10"°+1.10-10"%r| 0.915

Filiform summary

The FFC morphologies of coated 1018 found in the field were reproduced in the laboratory.
Filaments under Eponol in the lab grew side small filaments due to the straight boundary line
between the filament head and tail. In contrast, under PVB the filament head/tail delimitation
was V-shaped, which avoids filament head splitting. Another distinction of filament morphology
is the change of width during growth under Eponol. This change in width can also be explained
by the absence of V-shaped boundary, which prevents filament head dispersion. The constant
FFC kinetics was affected by the change in shape of the filament head under Eponol. Two types
of filaments were observed under PVB: bead-like and straight. The V-shaped boundary was not
observed for the bead-like attack. Filament head characteristics seem to be the determining factor
for the propagation mechanism and kinetics. Therefore, all observations of the head/tail
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boundary are important to study FFC. The differences in filaments under Eponol and PVB can be
explained by the coating mechanical properties and the coating adhesion nature. In comparison
with PVB, Eponol is a stiffer polymer film that has a stronger adhesion with the metal. The
filament head size is defined by the equilibrium the electrolyte pressure, the coating stiffness and
the coating adhesion forces (59). Therefore, the filaments formed under Eponol are thicker than
under PVB. Cathodic delamination before FFC initiation was measured in the laboratory with
SKP. Cathodic delamination was not measured when ammonium cations were present instead of
sodium cations. Furthermore cathodic delamination was not measured when the concentration of
sodium chloride in the defect was low, but thin filaments were observed after 8 days. The
cathodic delamination stopped before FFC progressed.

2.6.6 CD-SKP weathering exposure assessment applied to commercial coating system

CD-SKP is a promising technique to evaluate interface degradation after weathering exposures.
Therefore, this technique was used to evaluate commercial coatings and conversion coatings
prepared by Henkel and NAVAIR. CD was not always observed during the few days of exposure
in the SKP due to the strong coating adhesion of commercial coating. However, SKP could
detect changes in potential before and after weathering exposure. The Volta potential measured
by the SKP reflects the potential of the buried interface (15). Any modifications of this interface
in term of bonding or the presence of electrolyte are detected with the SKP. Wet/dry cycles were
investigated previously with SKP (9). As shown below, short weathering exposures affected the
potential measured.

Henkel prepared steel samples with several different types of TecTalis treatments, which are
commercial Zr-based conversion coatings. The prepared samples were coated with PVB. As
shown in Figure 2.72, CD-SKP detects the interface stability improvement brought by the
conversion coating as indicted by slower CD rates. Longer TecTalis treatment time (120 s)
increased the interface stability. The interface stability was slightly better with the TecTalis
formula TT1820 compared to TT1800.
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Figure 2.72: CD-SKP of PVB coated 1018 with several TecTalis conversion coating
treatment prepared by Henkel.

E-Coat is an electrodeposited epoxy coating that was prepared by Henkel. Figure 2.73 shows
potential scans taken by the SKP on e-coated samples during one day. The x-axis is the distance
traveled by the Kelvin probe starting at the coating edge. The arrows show the direction of the
curve shift with time. The bottom graph shows the potential curves of the unexposed samples,
which exhibited no change even after 11 days of SKP exposure. In contrast, CD was observed
for the sample that was previously exposed to ASTM G154. The progress of CD in the SKP
chamber was noticeable within the first day of measurement after B117 exposure. Furthermore,
coating delamination occurred during B117 exposure. The two upper graphs show the potential
curves after exposures in G154 and outdoors in Columbus. The potential curves changed after a
few hours in the SKP. There was no sharp jump in the potential curves to clearly indicate the
location of the delamination front. Epoxy degrades readily as a result of the UV exposure
outdoors in Columbus and in ASTM G154. This polymer degradation may be responsible for
this change in the potential curve profile.
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Figure 2.73: 1 day CD-SKP of E-Coat coated 1018 prepared by Henkel after weathering
exposures, start on coating edge

Military ground vehicles are coated with 53022 and 53030 primers, which are solvent-based and
water-reducible, respectively. The coating adhesion was improved with phosphated conversion
coating or grit blast surface preparation. Figure 2.74 and Figure 2.74 display the potential
profiles of primer 53030 with phosphated and grit blast surfaced preparations after 2 days in the
SKP. As shown in Figure 2.74, no CD occurred after 2 days in the SKP. In Figure 2.74, cathodic
delamination can be seen after 4 days of G154. For both surface preparations, the potential after
B117 exposure was shifted to the corrosion potential of iron (-0.4 V/SHE). The potential profile
of the unexposed sample was similar for both surface preparations. The potential next to the
defect were shifted toward the iron dissolution potential.
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Figure 2.74: 2 days CD-SKP of 53030 phosphated 1018 prepared by NAVAIR after
laboratory exposures, start 1000um away from coating edge
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Figure 2.75: 3 days CD-SKP of 53030 grit blasted 1018 prepared by NAVAIR after
laboratory exposures, start 1000um away from coating edge, start later
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Figure 2.77 and Figure 2.76 display the potential profiles of primer 53022 with phosphated and
grit blast preparation after 4 days in the SKP. CD takes place after B117 exposure for both
coating preparation. CD started later for the unexposed grit blast surface preparation. The
potential after G154 increase indication a possible change of the coating/metal interface.

—
8
>
S : Y419
— 034 24h B117 ;
M -0.4 4 , , , , : ]

04 ] . . Not explosed 1

T T T T
0 5000 10000 15000 20000

X (wm)

Figure 2.76: 4 days CD-SKP of 53022 phosphated 1018 prepared by NAVAIR after
laboratory exposures, start 1000 um away from coating edge
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Figure 2.77: 4 days CD-SKP of 53022 grit blasted 1018 prepared by NAVAIR after
laboratory exposures, start 1000 um away from coating edge

Summary

CD rate under PVB was slowed down by the presence of a zirconium based conversion coating.
The oxygen reduction taking place on the conversion coating may be reduced by the surface
resistance. In addition, Zr conversion coating may improve PVB adhesion, which slows down
CD. The effects of conversion bath formula and immersion time could be compared by CD-SKP.

Electrocoat epoxy coatings on 1018 were exposed to B117 and G154. After UV exposure,
electrocoat epoxy coating underwent chain scission that changed the coating properties. During
CD-SKP, an ohmic drop across more than 1 cm of the coated steel wass established after a few
hours. No potential jump shift associated with the progress of CD was observed. Instead, the
coating potential close to the defect fell progressively toward the potential of the defect. This
behavior suggested that CD might not be driven by cation transport from the defect. Vertical
transport of cations through the coating layer was proposed to explain the potential progress
observed. After B117 exposure, CD was measured in the SKP chamber.

Water-reducible and solvent-based military coatings coated on 1018 with phosphate conversion
coating or grit blasted surface finish were exposed to B117 and G154. The phosphate conversion
coating and the grit blasted surface finish provided similar interface stability to the coating
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system. The CD-SKP of the water-reducible and solvent-based coating coated 1018 were
presented separately.

The potential next to the defect of the unexposed water-reducible coating (53030) coated steel
was deflected toward the defect potential but no CD progress was measured. This shows that
oxygen reduction can take place under the coating next to the defect. However, this oxygen
reduction is not sufficient to cause delamination. This deflection was not observed for the sample
pre-exposed to G154. The potential of the water-reducible coating on steel exposed to B117 was
lowered to the iron dissolution potential and no CD was measured due to the absence of
polarization.

Solvent-based coating (53022) CD was measured after B117. This CD was faster than for the
unexposed solvent base coating with grit blasted interface. The potential of the solvent based
coating on steel exposed to G154 was higher than the unexposed sample and no CD was
measured after 4 days in the SKP chamber. From those results, 4 days of G154 exposure might
improve the coating/metal interface.

2.7 Economic Summary

This study is a step along the way of improving the capability to predict the failure of protective
coatings. The economic impact of reduced corrosion of painted steel is considerable.

2.8 Implementation

The work performed in this study attempted to link lab and field exposures by exposing the same
samples to different environments and using and the same advanced techniques to characterize
them. SKP is still a lab-based technique not suitable for use by technicians, but it might someday
be advanced to the state where it gains greater acceptance and use.

2.9 Conclusions

Coating lifetime prediction has been a challenge for many years. The development of new
coating systems to improve protection or in response to new regulations has motivated efforts to
find a reliable accelerated test. In this report, field and laboratory exposures were used to
investigate the utility of accelerated laboratory tests for predicting outdoor exposure behavior.
Degradation of the coating/metal interface after weathering exposure was the main focus of this
work. The interface degradation was probed by CD-SKP and Raman spectroscopy Bulk polymer
degradation was investigated by IR spectroscopy. PVB coated steel was the main system of
investigation throughout the report. Eponol with BLS and commercial coatings on steel were
investigated to a lesser extent.
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PVB coated steel samples were exposed in several climates in the United States and tested with
CD-SKP. CD-SKP was demonstrated to be a very sensitive technique for assessing changes in
the interface after weathering exposure. Because of the sensitivity, interface degradation could
be assessed using shorter periods of field exposure. The PVB/steel interface stability was
improved after short exposure in the field. This improvement of the interface should improve
coating lifetime and must be considered in accelerated test protocols. Interface degradation could
be measured without PVB bulk degradation. When PVB bulk degradation took place at the same
time as interface degradation, both degradation mechanisms could influence each either.

PVB coated steel samples with scribes were exposed at several locations and the iron oxides
formed at the interface were identified with Raman spectroscopy. The corrosion mechanisms
were discussed based on this iron oxide characterization. Bead-like corrosion formed next to the
coating defect. FFC filaments with a V-shaped head propagated under the coating from the bead-
like corrosion sites. The higher electrolyte and oxygen supply next to the scribe gave the bead-
like corrosion its morphology. Oxygen surrounded the bead center where chloride was localized.
The nature of the iron oxide in the bead center changed depending on the field site. In contrast,
FFC was not influenced by the field site because it took place away from the coating defect. The
iron oxide characterization of the filament head and tail confirmed the FFC mechanism most
accepted in the literature.

The field site rankings deduced from the CD-SKP, IR spectroscopy and visual observations were
discussed in accordance with the field site atmospheric and weathering data. The importance of
chloride deposition and minimum relative humidity to enhance interface degradation were
discussed. The importance of the UV portion of the solar radiation spectrum for accelerated
polymer degradation was also demonstrated. The effect of sulfur could not be decoupled from
the effect of chloride because both had the highest deposition rate in Kilauea Volcano. Kilauea
Volcano was the most aggressive site tested. The average ozone concentration was slightly
higher in urban areas than in rural areas or at high altitudes. The effects of ozone addition in
laboratory tests were investigated.

CD-SKP was used to assess interface degradation after laboratory exposures. Exposures in
ASTM B117 and G154 chambers were investigated separately and coupled. G154 exposure
could restore interface degradation after B117 exposure and also could delay interface
degradation in B117. Longer G154 exposure initiated polymer degradation that accelerated
interface degradation in B117. Customized and more controlled laboratory exposures reproduced
the PVB/metal interface improvement observed in the field. UV and humidity were the two
parameters essential to improving the stability of this interface during short exposure. The effect
of ozone photolysis by UV was investigated. High ozone concentration (I ppm) accelerated
interface degradation in 4 days. At lower concentration, the ozone may interact only with the
polymer top layer leaving the interface unchanged. The interface degradation was stabilized as
the relative humidity increased when PVB coated steel as exposed to low ozone concentration
(0.1 ppm) and UV for 4 days.
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FFC was reproduced in the laboratory under two experimental procedures. One was initiated
with electrolyte that contained cations such as Na" and NH4 and the electrolyte was not dried
before FFC test. The other one was initiated with HCI that was dried before the FFC test. In the
first FFC test bead-like filiform filaments were reproduced. Cathodic delamination prior to FFC
was only measured with SKP when the test was initiated with 0.1 M NaCl. The differences
between FFC growth and morphology under PVB and Eponol were also discussed. The
dissolution depth of the filament trail under PVB increased linearly with chloride concentration.
The dissolution depth of the filament trail under Eponol was shallower than under PVB. The
main filaments under Eponol were bordered by small side filaments. The head/tail boundary
under was observed to be straight and perpendicular to the filament growth instead of V-shaped,
which allowed chloride migration to the side of the head and thus initiation of side filaments.

The interface degradation of commercial coatings such as electrocoat epoxy for automobile
application and water-reducible and solvent-based coatings for military ground application was
analyzed with CD-SKP after B117 and G154 exposures. Epoxy degradation trigged vertical
transport to ensure coupling between uncoated and coated region instead of sideway transport
from the defect. A phosphate conversion coating or a grit blasted surface finish under the
military coatings gave similar interface improvement. B117 exposure had different impact on the
water-reducible and the solvent-based coating interface. The interface of the water- reducible
coating after B117 exposure could not be polarized because the potential across the interface
surface was at the iron dissolution potential. The interface of the solvent base coating after B117
exposure was polarized and CD could occur.

In summary, the degradation mechanisms of coated steel without and with artificial defects were
assessed with CD-SKP and Raman spectroscopy respectively. The mechanisms observed in the
field were reproduced in the laboratory. CD-SKP was demonstrated to be a promising technique
to probe interface degradation before visual coating failure occurred. This technique was
successfully used to analyze interface degradation of commercial coating systems.
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Task 3: Detection of Degradation at Polymer/Substrate Interfaces by
Attenuated Total Reflection Fourier Transform Infrared Spectroscopy

3.1 Summary

Attenuated total reflection Fourier transform infrared (ATR-FTIR) spectroscopy has been used to
detect changes at the interfaces between poly(vinyl butyral-co-vinyl alcohol-co-vinyl acetate)
(PVB) and ZnSe upon exposure to ozone, humidity and UV-B light. Also, the response of
PVB/ALI interfaces to water has been studied and compared with the same for Eponol (epoxy
resin, diglycidyl ether of bisphenol A)/Al interfaces. In the presence of ozone, humidity and UV-
B radiation, an increase in carbonyl group intensity was observed at the PVB/ZnSe interface
indicating structural degradation of the polymer near the interface. However, such changes were
not observed when PVB-coated ZnSe samples were exposed to moisture and UV-B light in the
absence of ozone showing that ozone is responsible for the observed structural deterioration.

Water uptake kinetics for the degraded PVB monitored using ATR-FTIR indicated a degradation
of the physical structural organization of the polymer film. Exposure of PVB-coated Al thin film
to deionized (DI) water showed water incorporation at the interface. There were evidences for
polymer swelling, delamination, and corrosion of the Al film under the polymer layer. In
contrast, delamination/swelling of the polymer was not observed at the Eponol/Al interface,
although water was still found to be incorporated at the interface. Al-O species were also
observed to form beneath the polymer layer. A decrease of the C-H intensities was detected at
the PVB/AI interface during the water uptake of the polymer, whereas an increase of the C-H
intensities was observed for the Eponol polymer under these conditions. This is assigned to
rearrangement of the macromolecular polymer chains upon interaction with water.

2.2 List of Figures and Tables

Figure 3.1 Chemical structure of two coating polymers.

Figure 3.2 Schematic representation showing the total internal reflection of the IR beam and
the generation of evanescent waves in the (a) PVB/ZnSe and (b) the PVB/Al sample
configuration.

Figure 3.3 Schematic representation of the exposure setup.

Figure 3.4 (a) Sample in the cell being exposed to UV-B radiation, (b) Ozone and humid
generation systems.

Figure 3.5 PVB film on a ZnSe IRE (a) before exposure to 0.1 ppm ozone, 90% RH and UV-B
light and (b) after exposure to 0.1 ppm ozone, 90% RH (nitrogen) and UV-B light
for 72 hrs.

Figure 3.6 ATR-FTIR spectra of PVB spin-coated on a ZnSe IRE.

Figure 3.7 ATR-FTIR spectra of PVB spin-coated on a ZnSe IRE before and after exposure to
0.1 ppm ozone, 90% RH and UV-B (310 nm) radiation for 72 hrs.
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Figure 3.8 ATR-FTIR spectra of the degraded and non-degraded PVB samples in contact with
DI water within 5 min of exposure, using pure ZnSe as background and averaged
over 128 scans.

Figure 3.9 ATR-FTIR spectra of the degraded PVB sample showing abrupt water uptake upon
exposure to DI water over a period of 2 hrs.

Figure 3.10 IR absorption intensities at 3450 cm™ vs. exposure time for the degraded PVB film
spin-coated on a ZnSe IRE in contact with DI water.

Figure 3.11 ATR-FTIR spectra of the non-degraded PVB sample showing gradual water uptake
upon exposure to DI water over a period of 2 hrs.

Figure 3.12 IR absorption intensities at 3450 cm™ vs. exposure time for the non-degraded PVB
film spin-coated on a ZnSe IRE in contact with DI water.

Figure 3.13 ATR-FTIR spectra of PVB spin-coated on a ZnSe IRE before and after exposure to
90% RH and UV-B (310 nm) radiation for 72 hrs. The pure ZnSe IRE was used as
the background for both spectra. Each spectrum is averaged over 400 scans. The
inset shows the same spectrum zoomed in the region 1500-1800 cm™ to show the
intensity increase in the O-H deformation mode only.

Figure 3.14 ATR-FTIR spectra of a ZnSe IRE sputter-coated with a 50 nm Al film and a 10 pm
PVB film in contact with DI water with the dry sample before exposure as
background.

Figure 3.15 ATR-FTIR spectrum of a ZnSe IRE sputter-coated with a 50 nm Al film in contact
with DI water for 5 hrs with the dry sample before exposure as background and
averaged over 400 scans.

Figure 3.16 Peak fitting of the OH stretching region of pure DI water. The pure ZnSe was used
as the background and averaged over 400 scans.

Figure 3.17 Peak fitting of the water OH stretching region from the 1 hr water exposed PVB/Al
sample.

Figure 3.18 ATR-FTIR spectrum of a ZnSe IRE coated with 50 nm Al and PVB exposed to DI
water for 3 hrs with the same sample exposed for 1 hr used as the background.

Figure 3.19 ATR-FTIR spectra of a ZnSe IRE spin-coated with a 10 pm PVB film in contact
with DI water with the dry sample before exposure used as background.

Figure 3.20 ATR-FTIR spectra of both PVB and PVB/AI samples dried over 48 hrs after the
water exposure experiments, using the respective dry samples (before exposure) as
backgrounds.

Figure 3.21 Schematic of the possible interactions of water molecules with the Al
oxide/hydroxide film at the PVB/Al interface.

Figure 3.22 ATR-FTIR spectra of a ZnSe IRE sputter-coated with a 50 nm Al film and a 10 pm
Eponol film in contact with DI water with the dry sample before exposure used as
background.

Figure 3.23 Peak fitting of the water OH stretching region from the 1 hr exposed Eponol/Al
sample.
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Figure 3.24 ATR-FTIR spectrum of a ZnSe IRE sputter-coated with a 50 nm Al film and a 10
um Eponol film in contact with DI water for 15 hrs with the dry sample before
exposure as background, zoomed in the region 2500-3700 cm™ showing an
increase in the C-H peak intensities and averaged over 400 scans.

Figure 3.25 ATR-FTIR spectrum of Eponol spin-coated on ZnSe and exposed to 90% RH for 20
hrs, using the dry sample before exposure as the background.

Table 3.1  Gaussian fit parameters for the pure water OH stretching region.
Table 3.2  Gaussian fit parameters for PVB confined water OH stretching region.

Table 3.3  Gaussian fitting parameters for Eponol confined water OH stretchin region.

3.3 Introduction and Background

In the past decades, both inorganic and organic polymeric coatings have been extensively applied
on metal structures to prevent corrosion related failures.' The anticorrosive properties of these
coatings (individual components or as a whole) are assessed with the help of certain standard
accelerated weathering tests. These studies evaluate the coating’s response to UV radiation,
humidity, thermal aging, mechanical deformation, electrolytes, and water permeation.*

It is known that most polymers degrade irreversibly due to photolytic oxidation, leading to a
concomitant deterioration in their aesthetic and performance parameters.® Only wavelengths
from approximately 290 to 3000 nm are able to reach the troposphere. Wavelengths below 290
nm are strongly absorbed by stratospheric ozone and other absorbing species in the upper
atmosphere. Hence, tropospheric photochemistry is limited by this short wavelength cut off. The
UV region is divided into three sub-regions, namely UVA (315-370 nm), UVB (290-315 nm)
and the more harmful UVC (200-290 nm) which is filtered out by the ozone layer. The impact of
high energy UV light is the most intense although the contributions from the visible and infrared
wavelengths cannot be fully ignored.”

The first and foremost criterion for photo-degradation to initiate is that the polymer should be
able to absorb UV light. Hence, all aliphatic polymers without chromophores in their structures
should ideally have a better photo stability in the terrestrial UV range 295-400 nm than aromatic
or unsaturated polymers, but in reality the presence of extraneous substances (added during

manufacture) and structural inhomogeneities make the polymer susceptible to attack.6’
Exposure to UV radiation may either lead to changes in the chemical structure of the polymer
due to formation of new functional moieties or fragmentation of the cross-linked
macromolecules initiating at the weakest centers of the polymer. The number of degradation sites
may increase due to transfer of excitation energy to the non-absorbing parts of the polymer
chains via formation of transient species. Such changes ultimately affect the physical and
mechanical properties of the coating negatively.® There have been extensive studies on photo-
degradation of some of the conventional organic coatings namely alkyd, epoxy, acrylate,
polyurethane, and polyester employing electrochemical and spectroscopic (IR and UV-Vis)
techniques.”'? Also, physical/chemical models have been developed to link laboratory and
outdoor exposure data.”> Polymer degradation is a complicated process and is contingent on a
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combination of factors like irradiance, distribution of sunlight, ambient temperature, and dose-
response characteristics of the polymer."

In addition to sunlight, coatings are constantly exposed to different environments that range from
immersion in water or burial in soil to heavily polluted industrial regions.” In urban areas with
numerous pollution sources, ozone is a major pollutant in the atmosphere. Although stratospheric
ozone protects all living organisms from the detrimental solar UV radiation, ozone in the
troposphere may cause damage to living tissues and degrade numerous materials."> Tropospheric
ozone concentrations show heterogeneity since it is formed from a series of photochemical
reactions involving volatile organic compounds and oxides of nitrogen whose emissions vary
geographically, temporally and with altitude. Also, there is an influx of ozone from the
stratosphere at times. Ozone concentrations in the range 3040 ppb are essentially found
worldwide. Industrial zones have been found to have ozone concentrations as high as 100-150
ppb. In conjunction with the appropriate UV wavelengths and moisture, ozone is known to
undergo numerous photochemical reactions that result in the formation of highly reactive
intermediates which, in turn, initiate polymer degradation.” Hence, it is very important to have a
thorough knowledge of the degradation pathways of polymers upon exposure to these agents to
understand their performance abilities better.

Primer layers are very important functional components of coatings providing a corrosion-
resistant barrier to the metal surface. They are typically 1020 um in thickness and promote
adhesion between the topcoat and the surface to be painted. They are responsible for improving
paint durability thereby providing extra protection to the material being painted.'® The
performance of the primer is one of the determinants of the performance of the coating as a
whole. Topcoats are chosen primarily based on their barrier properties since they serve as the
first line of defense against corrosion. However, they also contain the pigments and additives
necessary for aesthetic purposes.

Poly(vinyl butyral-co-vinyl alcohol-co-vinyl acetate) (PVB) is a non toxic polymeric resin
known for its fine properties like transparence, insulation, impacting resistance and drawing
performance (Figure 3.1a)."” It can be synthesized by a condensation reaction of butyraldehyde
and poly(vinyl alcohol) using N-methyl-1-pyrrolidone as solvent.'® It exhibits special
adhesiveness and transparence to both organic and inorganic glass, for which reason it is
extensively used in laminated safety glass for automobile windshields."” However, PVB is also
applied as primers in multilayered coating systems for corrosion protection of metal structures.'’
A great deal of research has been done on thermal and photochemical degradation of PVB using
gravimetric and spectroscopic methods. According to studies by Nabil et al., thermal degradation
in PVB initiates at the acetate group.”’ Liau et al. investigated the effect of 380 nm on the
structure of PVB and found that under normal conditions, there is no photo-degradation of the
polymer but addition of TiO,-enhanced the photo-deterioration process.”’ However, the most
realistic approaches related to real-life scenarios would include exposure of PVB to different
combinations of ozone, UV light, and humidity (resembles an industrial environment) rather than
heat or light alone.

In addition to understanding what factors are responsible for polymer failure and the degradation
mechanisms, it is important to know whether the exposure of PVB-coated substrates affects the
polymer/substrate interface in a manner similar to the polymer bulk structure. Adhesively
bonded structures seen everywhere today can be simply considered to be polymer-coated
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substrates, whose longevity depends upon the stability of the polymer/substrate interfaces.
Common substrates employed are metals and alloys due to their desirable properties like tensile
strength and luster. Hydration and structural changes are known to be detrimental to such
interfaces. This is also very likely because a polymer/substrate interface is often a fragile region
with inferior properties compared to the material bulk.”*> Metal-polymer interfaces are known to
be fractal in nature and not smooth microscopically.”> The structure of the metal oxide layer
plays a crucial role in determining the initial integrity of the polymer/metal bonds and the
bonding has been found to change with variations in temperature.”** One of the factors
affecting the deterioration of such interfaces is the coating-to-metal adhesion. Several different
theories of adhesion between polymers and substrates have been proposed, namely the physical
adhesion theory, where Van der Waals/dispersion interactions are operative, the chemisorption
theory which involves the formation of covalent, ionic or hydrogen bonds at the interface, the
diffusion theory involving inter-diffusion of the polymer into the substrate bulk, the mechanical
interlocking theory where the polymer chains anchor themselves into surface defects of the
substrate and the weak boundary theory which states that absence of contaminants promote
polymer-substrate adhesion.”>*® Another factor is the barrier properties of the polymer film to
oxygen and water, which are also constituents of metal corrosion.*”

Figure 3.1. Chemical structure of two coating polymers. (a) Poly(vinyl butyral-co-vinyl alcohol-
co-vinyl acetate) and (b) Eponol resin 53 BH 35.

If the activity of water is higher in the environment compared to the polymer-coated metal
structure, it would spontaneously diffuse into the polymer network through pores or defects, and
ultimately reach the polymer/metal interface, where it is known to cause adhesion loss between
the polymer and the metal surface by displacing the weaker polymer/metal bonds by stronger
water/metal oxide-hydroxide interactions.”’ It is possible that the hydrophilic metal
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oxide/hydroxide surface may retain the water molecules at the buried polymer/metal interfaces
over a period of time. In addition, the penetrating medium often results in an adjustment of the
bulk structure of the polymer film, too. This includes reversible swelling, irreversible hydrolysis,
cracking, and crazing.** Severe changes in the physical properties of the resin are observed, such
as tensile strength, net dielectric constant, and the glass transition temperature.”® The ultimate
impact can be delamination or stripping of the film from the metal surface. These complex
processes are contingent on the structure and chemical properties of the polymer film (polarity,
unsaturation, symmetry, chain orientation etc.), as well as size, shape and properties of the
penetrant species.”’

Aluminum is a low density metal with good mechanical strength. As substrate, it is extensively
used in outdoor applications that include siding, window trim, automotive elements and aircrafts.
Also, the recent demand to reduce the use of fossil fuels has led to an increased interest in
lightweight constructions like Al alloys.’**' Hence, it is extremely crucial that adhesively bonded
structures using aluminum last over extended period. In this context, a PVB-coated Al surface
can be used as a model system to investigate how the corresponding polymer/metal interface
responds to the ingress of water and how effective is a polymer like PVB in protecting the metal
beneath it. Also, a comparison with an epoxy polymer/Al interface (epoxies are well known
primer resins.”) is helpful. The epoxy resin used was the Eponol resin 53 BH 35 and is based on
the diglycidyl ether of bisphenol A (DGEBA) (Figure 3.1b).

Probing changes at buried interfaces non-destructively has always been a challenging task. One
of the potential limitations is that the technique should work at ambient pressure as applying a
high vacuum might cause severe alterations of the surface. Moreover, real-time analysis and
relevant climatic conditions are always desired. There have been numerous studies on water
sorption by polymeric coatings using gravimetric procedures, which, however do not shed light
on the polymer/metal interfacial region specifically.’**> Commonly employed methods so far in
determining changes at such interfaces are -electrochemical techniques, for example,
electrochemical impedance spectroscopy (EIS) and scanning Kelvin probe (SKP). While EIS is
used to analyze the resistive and capacitive barrier properties of the polymer coating and the
polymer/metal interface based on electric equivalent circuits, SKP functions by measuring local
electrode potential changes beneath the polymer layer.>'**>® Spectroscopic techniques have been
employed to understand penetrant diffusion through coatings under a variety of conditions.’”*
However, there is still a lack of detailed knowledge about polymer/metal interfaces using this
technique. For example, Ohman et al. have studied the transport of water and electrolyte species
to Al/polymer interfaces and Nguyen et al. investigated the incorporation of water at Fe/polymer
interfaces, additionally quantifying the amount of water trapped at such interfaces.”>*’>"*%0

3.4 Lessons Learned

We have learned using ATR-FTIR spectroscopy that PVB films structurally degrade when
exposed to 0.1 ppm ozone, 90% RH and UV-B light. Moreover, we have learned that exposed
PVB showed a much greater water uptake. When exposed to humidity and UV-B alone, PVB
exhibited no structural degradation, thus showing that ozone (or rather atomic oxygen formed
from ozone) is required for structural deterioration of the polymer. With regard to the stability of
the polymer/metal interface, we have learned that water is incorporated by PVB-coated films on
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Al substrate, leading to swelling and delamination of the PVB films. Corrosion products (Al
oxide/hydroxide) were also seen to form at the interfacial region, where a water layer is retained.
Eponol-coated films on Al substrate are also capable of retaining water but we have learned that
the interaction with water induces a macromolecular rearrangement within the polymeric chains.
Corrosion products are form rapidly upon exposure and remain constant afterwards. Although
ATR-FTIR spectroscopy cannot discriminate between delamination and swelling processes, it
has proven to be a useful technique in assessing the interfacial degradation as well as water
intake by polymer films coated on metallic substrates.

3.5 Experimental
Materials

Poly(vinyl butyral-co-vinyl alcohol-co-vinyl acetate) resin (average M, 70,000-100,000) was
purchased from Sigma-Aldrich. The epoxy polymer, Eponol™ resin 53-BH-35, was kindly
provided by Hexion Specialty Chemicals (Columbus, OH).

Ion Sputter Deposition of Al films

For the ATR-FTIR measurements with the PVB/AI and Eponol/Al samples, an ATC ORION 5
UHV sputtering system (AJA International, Inc.) was used to deposit the Al thin films on ZnSe
IREs, with a base working pressure of 5 mTorr. The base pressure was 107 Torr. A 20 sccm
(standard cubic centimeter per minute) flow of Ar was used as the bombarding gas. A deposition
rate of 0.8 A/s was achieved by applying 250 W to the Al target (EJTALXX501A2, Kurt J.
Lesker Co.; 99.999%, 1.00" diameter x 0.125" thickness). The time required to deposit 50 nm
films was initially calculated by depositing a film directly on to a quartz crystal microbalance
located inside a vacuum chamber exactly at the same distance from the target as the ZnSe IRE.
Keeping the same conditions, the sensor was then replaced by the ZnSe crystal and deposition
was done for the same time.

Preparation of Spin-coated Polymeric Films

For PVB film preparation, 1.5 g of the polymer powder was dissolved in 18.5 g of 99% methanol
(Fisher Scientific) and stirred overnight with a magnetic stirrer. Polymer films were then spin-
coated from the solution onto the ZnSe IREs (with and without Al films) at 200 rpm for 5 min
using a spin coater (TC100, MTI Corporation) (Figure 3.2). The film thickness was determined
to be approximately 10 um as found by a thickness gauge (Elcometer 456, Elcometer; standard
used 49.8 um). The samples were allowed to dry overnight in an evacuated desiccator to let the
methanol evaporate. The PVB samples were then exposed in the setup to ozone, RH and UV-B
whereas the PVB/AI samples were exposed to DI water followed by acquisition of ATR-FTIR
spectra. Background spectra were obtained for both samples before film deposition and after film
preparation before exposure. For the Eponol film preparation, the viscous resin was diluted with
a 75/25 wt% solution of methyl ethyl ketone and propylene glycol methyl ether followed by
overnight stirring. Thin films were then spin cast from the solution onto a ZnSe IRE (previously
coated with a 50 nm Al film) using the above-mentioned spin coater at 120 rpm for 5 min, which
generated a film thickness of 8-9 um as measured by a surface profilometer (Dektak 3, Veeco).
The samples were cured at 160°C for 12 hrs to ensure complete evaporation of the solvents and
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were then exposed to DI water for acquiring ATR-FTIR spectra. Double distilled DI water was
used for all experiments.

4 T E, 10 pm PVB

ZnSe
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50 nm Al

ZnSe

Figure 3.2. Schematic representation showing the total internal reflection of the IR beam and the
generation of evanescent waves in the (a) PVB/ZnSe and (b) the PVB/AIl sample configuration.

Exposure Setup

Exposure of the PVB samples were carried out in a custom-built setup, designed and constructed
by Severine Cambier (Frankel Lab, Department of Materials Science and Engineering, OSU),
that allowed the passage of optimum levels of 0zone, moist air and UV-B radiation through a cell
housing the sample. Figure 3.2 provides a schematic representation of the entire exposure setup.
The setup consists of four major parts: the humid air generator, the ozone generator, the sample
cell and the UV-B lamp. The humid air generation system uses a nitrogen cylinder to bubble
nitrogen gas through two wash bottles filled with DI water. A by-pass around the wash bottles is
used to mix dry nitrogen with the humid one in proportions required to maintain the desired
humidity level, as given by a hygrometer (model 610, Testo) placed inside the cell. For the ozone
generation system, dry oxygen gas from a cylinder is passed through an ozone generator (model
600, Jelight) and the emitted ozone concentration is determined with the help of an ozone
monitor (model 465L, Teledyne Instruments,) placed at the end of the setup. The ozone level is
controlled by changing the oxygen flow rate using a mass flow controller (Omega
FMAS5400/5500). The humid air and ozone flows are merged and directed into a leak proof glass
cell with a quartz (UV transparent) cover housing the samples. The cell is placed directly under a
UV-B Hg lamp (USHIO G15T8E) (Figure 3.3). The distance between the sample surface and the
lamp was approximately 15 cm. For all the experiments, a 90% relative humidity (RH) was
maintained by combining humid air at a flow rate of ~3.7x10* cm’/hr with dry air at a rate of
~5.7x10° cm’/hr, whereas to obtain a 0.1 ppm (100 ppb) of ozone, the oxygen flow rate
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employed was ~1.1x10* cm’/hr. A total flow of ~4.8x10* cm’/hr was passed through the cell per
hour.

Ozone generater

Mass flow controller

UV-B lamp

Ozone monitor

Flow controllers
Wash bottles with de-ionized water
7 @ a

Cell housing a sample (yellow)
and a hygrometer (black)

Qxygen cylinder

By-pass for dry niTogen

Nitrogen cylinder

Figure 3.3. Schematic representation of the exposure setup (constructed by S. Cambier, Frankel
Lab, Dept. of Material Sciences and Engineering, OSU).

Figure 3.4. (a) Sample in the cell being exposed to UV-B radiation, (b) Ozone and humid
generation systems (courtesy of S. Cambier, Frankel Lab, Dept. of Material Sciences and
Engineering, OSU).
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ATR-FTIR Spectroscopy

A Thermo Nicolet FTIR spectrometer (Avatar 370, Thermo Electron Corporation) that uses a
DTGS detector was employed for the ATR-FTIR experiments. A 45° single bounce ZnSe
internal reflection element (7002-402, Smiths Detection Ltd.; 20 mm diameter x 3 mm
thickness) trough ATR accessory (Smart Specul ATR, Thermo Electron Corporation) was used to
collect the spectra at a spectral resolution of 4 cm™. The spectra were averaged over 400 and 128
scans (as specified below respective spectra).

3.6 Results and Discussion

Degradation of Poly(vinyl butyral) upon Exposure to Ozone, UV Radiation, and Humidity
Exposure of PVB Films to Ozone, UV Radiation, and Moisture

With the aim of understanding the degradation pathways of PVB, the PVB-coated ZnSe crystals
were exposed to 90% RH, 0.1 ppm ozone and UV-B radiation for 72 hrs. Figure 3.5 shows the
physical appearance of the PVB film before and after exposure, respectively. It is clear that the
exposed sample appears different from the unexposed one and shows numerous defects across
the polymer surface.

Figure 3.5. PVB film on a ZnSe IRE (a) before exposure to 0.1 ppm ozone, 90% RH and UV-B
light and (b) after exposure to 0.1 ppm ozone, 90% RH (nitrogen) and UV-B light for 72 hrs.
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Before beginning with the exposure experiments, an ATR-FTIR spectrum of PVB spin-coated on
a ZnSe IRE was collected (Figure 3.6). The pure ZnSe crystal was used as the background. The
absorption peak at 1000 cm™ can be attributed to the C-OH stretching vibration of PVB. The
peaks at 1140 cm™ and lower frequencies primarily correspond to the C-O-C backbone, while
those in the range 1250—1735 cm™ are due to C=0 vibrations and the alcoholic O-H deformation
modes of the polymer. The bands in the range 2800-3000 cm™ are assigned to symmetric and
asymmetric C-H bond stretches. The O-H stretching modes of the OH moieties of the polymer
can be seen at 3450 cm™.”' However, the broad band shape of the 3450 cm™ peak indicates a
certain degree of hydrogen bonding between the O-H moieties within the polymer chains. The
broad shape is attributed to different hydrogen bonding environments, for example, a hydroxyl
group bonded to two hydrogen bonds will vibrate at a higher frequency than that bonded to three
hydrogen bonds. Because of these different environments, there is a distribution of intensities in
the frequency range 3000-3700 cm™. Free O-H groups resonate at the same frequency. Hence,
the absence of hydrogen bonding is characterized by narrow/sharp peaks.>
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Figure 3.6. ATR-FTIR spectra of PVB spin-coated on a ZnSe IRE. The pure ZnSe IRE was used
as the background. The spectrum is averaged over 400 scans.

Figure 3.7 shows the ATR-FTIR spectra of PVB before and after the above mentioned
conditions. The pure ZnSe crystal was used as the background. As can be seen, there are four
prominent changes in the spectrum before and after exposure. Firstly, the absorption peak at
3450 cm™' was found to increase in intensity. This is due to the ingress of water into the polymer
matrix.”> However, there may be contribution from water formed within the polymer due to the
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exposure since it is known to be a degradation product of PVB generated by dehydration of the
vinyl alcoholic groups of the polymer.’* Secondly, there is an increase in the 1640 cm™ peak
intensity. This is due to the O-H deformation mode of water. Again, there may be contribution
from C=C vibrations because dehydration of the alcoholic groups leads to the formation of
double bonds in the polymer chain. Butenal is also known to be a degradation product of PVB.>
The OH bending modes of alcohols appear in the region 1420-1330 cm™.> This shows that
exposure to 90% RH for 72 hrs leads to incorporation of water in the PVB film in close
proximity to the PVB/substrate interface (since the evanescent field penetration depth is about
300 nm at 3450 cm™' for the PVB/ZnSe interface) as well as generation of water as a degradation
product. Thirdly, the inset of Figure 3.7 also shows the appearance of an absorption band at
about 1580 cm™'. This is likely due to all the carboxylate species that are generated in the
polymer matrix after oxidation by ozone and requires further investigation.>

Finally, there was an increase in intensity of the absorption peak at 1735 cm™, which is attributed
to the C=0 stretching mode.’® Again, this change can be prominently seen in the inset figure,
which zooms on the 15001800 cm™' region. This hints to a structural change in the polymer film
upon exposure to the combination of ozone, humidity, and UV-B radiation. Also, the fine
structure superimposed on the absorption bands can be attributed to the rotational transitions of
water molecules in the vapor phase. IR radiation has sufficient energy to excite rotational
transitions whose energies are much smaller than that of vibrational transitions. As a matter of
fact, rotational levels are significantly populated even at room temperature (kzT ~ 200 cm™ >
rotational energy levels).

Water Uptake Kinetics in Degraded vs. Non-Degraded PVB Films

To understand if such an exposure had an effect on the physical structural organization of the
polymer film, the degraded PVB sample was dried overnight to drive all of the excess water
away and then exposed to DI water with the aim of monitoring the water uptake kinetics using
ATR-FTIR spectroscopy. This was compared with the water uptake by an unexposed PVB
sample, which was dried overnight as usual (to drive the excess methanol away). The aim was to
see if the degraded polymer became less resistant to water compared to the intact polymer.
Figure 3.8 shows the ATR-FTIR spectra of the degraded and non-degraded PVB samples in
contact with DI water within 5 min of exposure. The pure ZnSe was taken as the background. As
can be seen from the intensities (peak areas) of the 3450 and 1640 cm™ absorption peaks, the
degraded sample shows a significantly greater water uptake than the intact polymer. On the other
hand, the absorption bands corresponding to C-H, C-OH, C-O-C stretch intensities were found to
decrease for the degraded sample compared to the non-degraded one. The reason for this is
probably swelling of the polymer film upon ingression of water. Due to structural degradation,
the exposed sample now allows large amounts of water to enter the polymer matrix and reach the
polymer/ZnSe interface. Hence, there is a significant decrease in the density of the
macromolecular structure within the probing depth of the evanescent field. As this was not or
hardly observed for the unexposed sample, the effect has to be attributed to structural changes of
the polymer after exposure to ozone, humid air, and UV-B radiation.
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Figure 3.7. ATR-FTIR spectra of PVB spin-coated on a ZnSe IRE before and after exposure to
0.1 ppm ozone, 90% RH and UV-B (310 nm) radiation for 72 hrs. The pure ZnSe IRE was used
as the background for both spectra. Each spectrum is averaged over 400 scans. The inset shows

the same spectrum zoomed in the region 1500—1800 cm™ to show the intensity increase in both

C=0 stretch and O-H deformation modes.

To understand the kinetics of water uptake through both the samples after the first spectrum was
collected within 2 min of exposure, ATR-FTIR spectra were collected every 5 min for 2 hrs.
Figure 3.9 shows the ATR-FTIR spectra of the degraded PVB sample upon exposure to DI water
taken every 5 min over a period of 2 hrs. The ATR-FTIR spectrum of the PVB collected within 2
min of exposure to water was used as the background. Hence, the observed changes are only due
to ingression of water in the film and there are no polymer bands visible. From the spectra, it can
be seen that the degraded polymer gets saturated with water within the first 20 min of exposure.
To understand better, the absorbance at 3450 cm™ is plotted as a function of exposure time in
Figure 3.10. As can be seen, the absorbance shows an abrupt increase from 0.1009 to 0.119 and
remains almost constant (0.12) over the remaining exposure period. For the unexposed sample,
the water uptake is much more gradual compared to the degraded PVB film (Figure 3.11). Here
also, the ATR-FTIR spectrum of the intact polymer collected within 2 min of exposure to water
was used as the background. The absorbance values were found to increase slowly but steadily
from approximately 0.026 to 0.0641 over the span of 2 hrs as shown in Figure 3.12 but the
polymer was not saturated in the investigated time period. This indicates that there has been
deterioration in the water resistive properties of the film after exposure to ozone, humidity and
UV-B radiation in a way that the PVB/ZnSe interface gets saturated within 20 min of exposure.
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Also, the absorbance values are almost 4 times higher for the degraded sample, again due to a
greater water uptake compared to the intact polymer. Exposure to ozone, humidity and UV-B
radiation may have led to the formation of numerous cracks and pores in the polymer matrix
leading to enhanced ingress of water though them to the PVB/ZnSe interface.
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Figure 3.8. ATR-FTIR spectra of the degraded and non-degraded PVB samples in contact with
DI water within 5 min of exposure, using pure ZnSe as background and averaged over 128 scans.
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Figure 3.9. ATR-FTIR spectra of the degraded PVB sample showing abrupt water uptake upon
exposure to DI water over a period of 2 hrs. The degraded polymer was used as the background
after drying in a desiccator for 48 hrs. Each spectrum is averaged over 128 scans.
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Figure 3.10. IR absorption intensities at 3450 cm™ vs. exposure time for the degraded PVB film
spin-coated on a ZnSe IRE in contact with DI water.
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Figure 3.11. ATR-FTIR spectra of the non-degraded PVB sample showing gradual water uptake
upon exposure to DI water over a period of 2 hrs. The dry polymer was used as the background.
Each spectrum is averaged over 128 scans.
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Figure 3.12. IR absorption intensities at 3450 cm™ vs. exposure time for the non-degraded PVB
film spin-coated on a ZnSe IRE in contact with DI water.

Exposure to UV and Moisture

To verify if ozone is responsible for the structural changes in the PVB film, a PVB film spin-
coated on ZnSe was then exposed to 90% RH and UV-B only. Figure 3.13 shows the
corresponding ATR-FTIR spectra before and after exposure. The pure ZnSe crystal was used as
the background for both spectra. First, only a slight increase in O-H stretch intensity is observed
which is due to water transport to the PVB/ZnSe interface. The presence of water is also evident
from an increase in the 1645 cm™ peak intensity, which is attributed to the water O-H
deformation mode. To understand this better, the spectra have been zoomed in the 1500-1800
cm’' region as shown in the inset of Figure 3.13. It is interesting to note that the increase in the
O-H stretch band is almost negligible and much smaller than that observed when PVB was
exposed to ozone, humidity and UV-B radiation. This indicates that for the sample exposed to all
the three agents, the increase in the O-H stretch peak was not contributed by the external water
alone. In that case, the sample exposed to moisture and UV-B should have shown a similar
change in the O-H stretch intensity. This however supports the fact that water is indeed generated
as a degradation product when the sample is exposed to all the three agents and hence, accounts
for the observed difference in the intensities of the OH band for the samples exposed to different
sets of parameters.

Second, there was no change in the C=0 stretch intensity at 1735 cm™ as seen from the inset of
Figure 3.13. Again, the observed fine structure is due to the rotational transitions of the gaseous
water molecules excited by the IR energy. It is important to recall that nitrogen gas is used to
generate the humid air and there was no source of oxygen (atomic or molecular) for this
exposure. So, this proves that an oxygen (atomic or molecular) source is required to bring about
structural degradation of PVB.

192



UV-B

®0 "0
it
0 o0 uudity
09 o °
PVB
0.01
Before exposure
0.4 4| —— After exposure
$ 000
3

0.3 <
[
(&]
3
-g 02 B ° 011500 15‘50 16'00 1(;50 17‘00 17'50 |B‘00
wn Frequency (cm™)
e}
<

0.1 1

0.0 ﬂ,_,_

T T T T T T T T T T T T T T 1
500 1000 1500 2000 2500 3000 3500 4000

Frequency (cm™)

Figure 3.13. ATR-FTIR spectra of PVB spin-coated on a ZnSe IRE before and after exposure to
90% RH and UV-B (310 nm) radiation for 72 hrs. The pure ZnSe IRE was used as the
background for both spectra. Each spectrum is averaged over 400 scans. The inset shows the
same spectrum zoomed in the region 1500-1800 cm™ to show the intensity increase in the O-H
deformation mode only.

Water Uptake by Polymer-coated Aluminum: Stability of Al/Polymer Interfaces
Water Uptake by PVB-Coated Aluminum

To investigate the response of the PVB/ALI interfacial zone to water, samples described above
were exposed to DI water. Figure 3.14 shows the corresponding ATR-FTIR spectra at different
exposure times. The background spectrum was collected from the dry sample before exposing it
to water and is represented by the horizontal line at zero absorbance. Hence the spectral features
indicate only the changes occurring at the PVB/ALI interface upon exposure to water. As can be
seen from the spectra, a broad and strong band appeared between 3000 and 3700 cm™, with a
maximum at around 3450 cm™ and continued to grow as a function of exposure time. This peak
is attributed primarily to both symmetric and asymmetric OH stretching vibrations of water
molecules although there may be minimal contributions from OH stretching due to aluminum
hydroxide formation at the interface.”>*' The increase in peak area indicates that the evanescent
field generated at the PVB/ALI interface encounters more and more water molecules within its
reach with increase in exposure time and also possibly formation of Al hydroxides at the probed
interface. It is known that water is capable of displacing the weaker polymer-metal interactions
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with stronger water-metal oxide/hydroxide bonds (40-65 kJ/mol) at the interface, the process
being thermodynamically favored.”” The band at 1650 cm™ can be assigned to the deformation
mode of water molecules while those at and below 1100 cm™ are attributed to contributions from
other water modes and Al corrosion products. It is known that various Al-O and Al-OH modes
appear in the region 850-1100 cm™.®” These can be a mixture of OH bending vibrations and
twisting of AIOOH and also, Al-O vibrations of Al,03.>' With increase in exposure times, a
small but sharp peak appeared at about 980—1000 cm™. The inset in Figure 3.14 shows that this
peak actually grows with time and is assigned to the longitudinal stretching vibrations of Al-O*
indicating that ingress of water at the PVB/AI interface corrodes the Al thin film beneath the
PVB layer. This peak is also observed when a 50 nm Al film (without PVB) is exposed to DI
water for 5 hrs (Figure 3.15). The Al film before exposure was used as the background. Other
Al-O/Al-OH modes are also visible in the 850-1200 cm™ region in addition to the obvious water
peaks at 3400 and 1640 cm™'. The negative peak at around 2350 cm™ is due to a decrease in CO,
within the probing depth of the evanescent field upon exposure to water.
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Figure 3.14. ATR-FTIR spectra of a ZnSe IRE sputter-coated with a 50 nm Al film and a 10 um
PVB film in contact with DI water with the dry sample before exposure as background. The
exposure times were 1, 3 and 5 hrs respectively. Each spectrum is averaged over 400 scans.
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Figure 3.15. ATR-FTIR spectrum of a ZnSe IRE sputter-coated with a 50 nm Al film in contact
with DI water for 5 hrs with the dry sample before exposure as background and averaged over
400 scans.

The OH stretch band (3000-3700 cm™) shape is highly indicative of the physical state of water
incorporated at the PVB/AI interface. It is well known that water confined in a hydrophilic
polymer behaves differently than water in bulk liquid phase due to interactions of water
molecules with the polar groups of the polymer leading to their restricted motion, either directly
or through other water molecules.’ Water has been found to exist in the form of clusters, chains
and dimers etc. in hydrophilic polymers.”> Water might also be incorporated in the porous
oxide/hydroxide film at the interface. To understand how this compares with the pure water
structure, the ATR-FTIR spectrum of DI water (OH stretching region) along with its calculated
fit including the component peaks is depicted in Figure 3.16. The overall spectrum could be
fitted using three Gaussian peaks. In accordance with the generally accepted assignments,® the
component peak at about 3200 cm™ can be attributed to the strong intermolecular coupling of
water molecule symmetric stretch modes within a symmetric hydrogen bonding environment.
The peak at about 3400 cm™ is due to the weaker interactions of water stretching vibrations
associated with a more distorted hydrogen bonding network. The peak at about 3510 cm™ is
assigned to the coupling of the asymmetric stretching vibrations of the water molecules. The
fitting result for water incorporated at the PVB/ALI interface is shown in Figure 3.17. Similar to
pure water, water trapped at the PVB/ALI interface can also be fitted using the three Gaussian
peaks described above. Tables 2.1 and 2.2 give the fitting parameters for pure water and water in
the PVB film, respectively. As can be seen from the difference in band shape of the two spectra,
there is an increased contribution from the weakly hydrogen-bonded water molecules (peak at
3400 cm™) relative to the strongly bonded ones (3200 cm™) in the polymer than in pure water.
Such an observation can be attributed to the breaking of the water network upon entering the
polymer matrix and the weaker hydrogen bonding of water molecules to the polymer functional
groups (polar sites), although the details of the electronic perturbation of the water molecules due
to PVB is difficult to infer with this information.
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Figure 3.16. Peak fitting of the OH stretching region of pure DI water. The pure ZnSe was used

as the background and averaged over 400 scans.
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Figure 3.17. Peak fitting of the water OH stretching region from the 1 hr water exposed PVB/Al

sample.
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Table 3.1 Gaussian fit parameters for the pure water OH stretching region.

Peak  Peak Area  Peak Center Peak Height FWHM

-1
cm
(em™) (cm™)
1 55.5743 32149 0.25735 204.36
2 40.1993 3372.5 0.21012 179.73
3 20.0390 3520.5 0.09677 195.18

Table 3.2 Gaussian fit parameters for PVB confined water OH stretching region.

Peak  Peak Area  Peak Center Peak Height FWHM (cm’
1

(em™) )
1 1.03023 3221.4 0.00248 389.78
2 0.97111 3413.1 0.00324 281.29
3 0.21646 3517.2 0.00126 160.79

To understand the changes in the C-H stretching region (28003000 cm™) in more detail, the 5
hrs exposed sample was plotted using the one hour exposed sample as the background as shown
in Figure 3.18. Negative peaks in the region 2850-2960 cm™ indicate that there is a decrease in
C-H intensities with longer exposure to water. There can be two plausible explanations for such
an observation. First, water incorporation in the polymer matrix may lead to swelling of the resin
with the effect that the macromolecular structure of the polymer would be less dense within the
probing depth of the evanescent wave. Second, the water reaching the interface will result in
hydrolysis in wet de-adhesion processes. The polymer will partly de-adhere from the substrate
and in that case, the absorption bands would be negative with respect to the intact interface.”>*"*
However, it is not possible to distinguish between swelling and delamination using ATR-FTIR
data. Delamination and swelling effects are even more prominent when a ZnSe IRE spin-coated
with a 10 um PVB film only is exposed to DI water (Figure 3.19). The C-H region has been
zoomed in the inset of that figure.
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Figure 3.18. ATR-FTIR spectrum of a ZnSe IRE coated with 50 nm Al and PVB exposed to DI
water for 3 hrs with the same sample exposed for 1 hr used as the background. The spectrum is

averaged over 400 scans.
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Figure 3.19. ATR-FTIR spectra of a ZnSe IRE spin-coated with a 10 um PVB film in contact
with DI water with the dry sample before exposure used as background. The exposure times
shown are 5 min and 2 hrs. Each spectrum is averaged over 400 scans.
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Water Retention at the PVB/Al Interface

After the water exposure experiments were concluded, both the PVB and PVB/AI samples were
stored in an evacuated desiccator for over 48 hrs until they appeared visually dry. Then, ATR-
FTIR spectra were collected using these dried samples to see if water could still be detected at
the corresponding interfaces (Figure 3.20). The respective dry sample data before exposure were
used as the background. While the PVB sample showed no trace of water, an appreciable OH
stretch band was still observed for the PVB/AI sample. This means that although PVB lost most
of the water absorbed during exposure reversibly, a significant amount of water was trapped at
the PVB/Al interface. It indicates that the now hydrophilic Al surface seems to be responsible for
such water retention. Extensive research on aluminum surfaces has revealed the complex nature
of such surfaces.”* % On an Al surface, a thin layer of oxide is always spontaneously formed in
contact with air.’® It is known that native surface layers on Al are made up of an anhydrous inner
layer of amorphous Al,O; covered by a hydrated outer layer, the latter being extremely important
for the adhesion properties of the metal.®” a-Al,0;3 (corundum) and y-Al,O; are known to be the
common Al oxides. The oxy-hydroxides include o-AlO(OH) (diaspore) and y-AlO(OH)
(boehmite), while bayerite, gibbsite and nordstrandite are the three forms of hydroxides formed.
In contact with water, hydroxyl functionalities are incorporated into either octahedral or
tetrahedral sites on the crystal structure of alumina.’*®** The oxide layers are generally considered
to be non-crystalline and porous. Investigation on the nature of the oxide film on Al has revealed
that the composition of the oxide ranges from anhydrous to trihydroxide, depending on the
temperature and pressure at which it was formed. It is known that films grown in the range 20—
90°C exhibit a duplex structure consisting of an inner layer of a porous structure of
pseudoboehmite (or poorly crystalline boehmite) and an outer layer of large bayerite crystals.’’
This is the temperature range relevant for the present study. It is known that boehmite is
composed of layers of edge shared AlOg octahedra with terminal hydroxyl groups.®® This
oxide/hydroxide layer might differ morphologically when under a polymer layer but is still
responsible for making the metal surface hydrophilic. Also, it is known that on a metal
oxide/hydroxide surface, a water monolayer would spontaneously bond with the surface
hydroxyl groups by replacing the weaker polymer-oxide/hydroxide linkages. Probably, such a
surface structure is responsible for retaining water molecules at the interface by formation of
hydrogen bonding as envisioned in Figure 3.21.

Water Uptake by Eponol-coated/Al Interface

It is interesting to compare the stability of the PVB/ALI interface to water with that of a second
polymer. Epoxy polymers are known to exhibit high adhesion and a good resistance to heat and
chemicals. Hence, an epoxy polymer based on diglycidyl ether of bisphenol A (DGEBA) was
chosen for the purpose. It can be synthesized by reaction of bisphenol A and epichlorohydrin.”
Different components in the structure are known to perform specific functions to improve the
resin’s performance, for example, the polar —OH groups enhance adhesion with the substrate,
while the chain length determines the flexibility of the polymer.”” Commercially, the resin comes
in a blend of solvents, methyl ethyl ketone and propylene glycol methyl ether (75:25 wt.%) and
has the name Eponol resin 53 BH 35.
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Figure 3.20. ATR-FTIR spectra of both PVB and PVB/AIl samples dried over 48 hrs after the

water exposure experiments, using the respective dry samples (before exposure) as backgrounds.
Each spectrum is averaged over 400 scans.

PVB

PVB

Figure 3.21. Schematic of the possible interactions of water molecules with the Al
oxide/hydroxide film at the PVB/ALl interface. PVB (right) loses water completely after drying.
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Similar to the PVB/AI samples, an Eponol-coated Al/ZnSe sample was exposed to DI water. The
resulting changes of the Eponol/Al interface structure were monitored with time. The
corresponding ATR-FTIR spectra are shown in Figure 3.22. The dry sample before exposure was
used as the background. The increase in intensity of the OH peak in the region 3000-3700 cm™
indicates that more water was present at and near the Eponol/Al interface because the penetration
depth of the evanescent wave at the Eponol/Al interface is smaller than that at the PVB/AI
interface (Figures 2.2a and b). This is further corroborated by an increase in the water OH
deformation mode intensity at 1640 cm™. The peak at around 980—-1010 cm™, attributed to the
longitudinal AI-O modes was observed within the first hour of exposure but was found to remain
almost constant over the remaining exposure period, in contrast to the PVB/Al system, where the
peak was found to increase with time. The horizontal line at zero absorbance indicates the
background i.e. the polymer-coated Al before exposure to DI water.
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Figure 3.22. ATR-FTIR spectra of a ZnSe IRE sputter-coated with a 50 nm Al film and a 10 pm
Eponol film in contact with DI water with the dry sample before exposure used as background.
The exposure times were 1, 3 and 5 hrs respectively. Each spectrum is averaged over 400 scans.

Similar to the PVB/ALI system, fitting results of the water OH stretching region reveal that there
is an increase in water molecules residing in a weakly hydrogen bonded environment relative to
that seen in pure bulk water, where the dominant contribution comes from associated (strongly
hydrogen-bonded) chains of water molecules (Figure 3.23). The spectral fit parameters are given
in Table 3.3.
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Figure 3.23. Peak fitting of the water OH stretching region from the 1 hr exposed Eponol/Al
sample.

Table 3.3 Gaussian fitting parameters for Eponol confined water OH stretching region.

Peak  Peak Area  Peak Center Peak Height FWHM (cm’
1

(em™) )
1 1.33398 3250.1 0.0052 245.62
2 1.51372 3438.7 0.0065 217.46
3 0.52275 3519.1 0.0026 192.42

Interestingly, both aliphatic and aromatic C-H peaks were found to increase in intensity relative
to the dry sample with exposure time, again, in a striking contrast to what was observed at the
PVB/ALl interface when exposed to water. This increase is especially prominent after the sample
was exposed to water for 15 hrs. Figure 3.24 shows the corresponding ATR-FTIR spectrum. The
dry sample before exposure was used as the background. Such an increase in C-H intensity was
also observed when an Eponol-coated ZnSe sample (no Al) was exposed to 90% RH for 20 hrs.
Figure 3.25 shows the corresponding ATR-FTIR spectrum. The dry polymer before exposure
was used as the background. The reason for this observation is not fully understood but is
probably related to a rearrangement of the macromolecular polymer chains within the matrix
upon interaction with water molecules. It is clear that Al does not play a role in this C-H
intensity increase. Although there is not sufficient data to understand the processes going on
when water interacts with Eponol, it is clear that there are no swelling/delamination effects. On
the basis of these observations, it can be inferred that Eponol protects the aluminum film beneath
itself better compared to PVB.
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Figure 3.24. ATR-FTIR spectrum of a ZnSe IRE sputter-coated with a 50 nm Al film and a 10
um Eponol film in contact with DI water for 15 hrs with the dry sample before exposure as
background, zoomed in the region 2500-3700 cm™ showing an increase in the C-H peak

intensities and averaged over 400 scans.
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Figure 3.25. ATR-FTIR spectrum of Eponol spin-coated on ZnSe and exposed to 90% RH for
20 hrs, using the dry sample before exposure as the background. The spectrum is averaged over

400 scans.
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3.7 Economic Summary

This project was started before there was an emphasis placed on economic justification of the
work, so no summary is presented.

3.8 Implementation

Any implementation of ATR-FTIR spectroscopy to the investigation of buried polymer/metal
interfaces will need to make use of this work to understand the link between spectroscopic
changes and specific structural events in the polymer and at the interface.

3.9 Conclusions

In the first part of this study, PVB was used as the test polymer, whose degradation upon
exposure to ozone, humidity and UV-B radiation was assessed employing ATR-FTIR
spectroscopy. The polymer was found to structurally degrade when exposed to 0.1 ppm ozone,
90% RH and UV-B light as evident from the formation of carbonyl products, which proceeds via
ring opening and chain scission. Also, the exposed PVB showed a much greater water uptake
with it getting saturated within a very short time compared to its unexposed counterpart.
Interestingly, there was no sign of structural degradation when the polymer was exposed to
humidity and UV-B alone, without the ozone. This proves that ozone (or rather atomic oxygen
formed from ozone) is required for structural deterioration of the polymer. These changes were
detected at a few nanometers from the PVB/ZnSe interface within a 10 um PVB film.

In the second part, the response of a PVB/ALI interface to water was studied in situ over time
using ATR-FTIR spectroscopy. The interface was formed between a 10 um PVB film spin-
coated on a 50 nm Al film. From the relevant ATR-FTIR spectra, water was found to be
incorporated at the interface leading to swelling and delamination of the polymer from the Al
surface. Corrosion products (Al oxide/hydroxide) were also seen to form at the interfacial region.
The PVB/ALl interface was also found to retain water at the interface, long after the water on the
sample dried. A comparison with an epoxy resin, diglycidyl ether of bisphenol-A also forming an
interface with Al gave some contrasting results. Although water was still detected at the
interface, the C-H intensities were seen to increase. This is probably due to a rearrangement of
the macromolecular polymer chains upon interaction with water. Corrosion products were seen
to form within the first hour of exposure and remained constant throughout the remaining time.

This study is an attempt to get a better understanding of polymer degradation and the stability of
polymer/metal interfaces, representing a key to improve the durability of adhesively bonded
structures. However, extensive research is required to gain a thorough insight into the physical
and chemical mechanisms responsible for the failure of coatings. Quantification of such
degradation employing appropriate mathematical models would be equally helpful. For example,
a useful study can be the quantification of the absorption band at 1585 cm™ observed when a
PVB film is exposed to ozone, humidity and UV-B radiation that would give us the total amount
of carboxylate moieties (oxidized carbon) generated due to the degradation. Again, it would be
interesting to understand the extent of damage in the bulk of the polymer using transmission

204



FTIR spectroscopy, in tandem with the interfaces. A comparison between the two would help
understand the extent of impact at different depths of the polymer film which may shed light on
the mechanistic aspects of such degradation. Moreover, the approach should be extended to
multilayer structures of polymers and other aggressive media like SO,, NOy and temperature
cycling. Finally, these laboratory exposed samples should be compared to field samples for
lifetime predictions of coating formulation.
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Task 4: Assessment of Coating Adhesion Degradation by AFM Scratching

4.1 Summary

The effects of environmental exposure on polymer coating degradation were studied by atomic
force microscopy (AFM) scratching. Adhesion was assessed by the coating removal rate during
controlled-force contact mode scratching in the AFM. Low carbon steel coupons were coated by
an ultra high molecular weight epoxy resin and exposed to environments with high relative
humidity and exposure to ultraviolet light. AFM scratching was performed both in air and in
water to assess the effect of water on adhesion degradation. The average coating removal rate
increased when samples were first degraded by environmental exposure and by scratching in
water. AFM scratching is shown to be a quantitative method for the assessment of adhesion and
adhesion degradation for coatings less than about 4 um in thickness.

5.2 List of Figures and Tables

Figure 4.1. Calibration plot of normal force as a function of set-point for Si AFM probe coated
with Au on the cantilever and doped diamond on the tip (k = 42N/m) with air probe holder and
solution probe holder.

Figure 4.2. (a) AFM height images and threshold images during AFM scratching. Scan area 100
um x 100 pm, Z range of height images 4500 nm (b) 3D topography images of 1*' and 7™ scans.

Figure 4.3. Raman spectra for scratched and epoxy resin coated areas.

Figure 4.4. Average coating removal rate for different samples. The various bars for a given
condition indicate the results for replicate experiments. The numbers and error bars represent the
average and standard error, respectively, for the different scans on each sample. The number of
scans for each of the samples is as follows. Non-exposed: 10 times; UVB, high RH, in air: 5-7
times; non-exposed, in situ: 7-10 times; UVB, high RH, in situ: 3 times.

Figure 4.5. FT-IR spectra for coated samples exposed with and without exposure to UVB in
humid air and non-exposed coated sample.

Table 4.1. Average distance removed during each scan of the sample shown in Figure 4.2.

4.3 Introduction and Background

Understanding the adhesion of protective polymer coatings to substrates is critical for the
prediction of coating performance. Different methods to measure the adhesion of thin coatings
exist but experimental measurements of polymer adhesion are qualitative or problematic [1,2].
For instance, ASTM D3359 describes procedures for scribing a cross hatch pattern in the coating
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and then applying and removing tape [3]. The response is classified according to the amount of
coating area detached. Pull-off tests described in ASTM D4541 provide a quantitative
assessment of adhesion, but they are often not reproducible, the glue used to attach the dolly can
affect the coating, and failure often does not occur at the coating/substrate interface [4].
Additionally, testing wet adhesion, i.e. adhesion of films immersed in aqueous solutions, by
standardized tests such as the pull-off test is difficult because of problems like attaching the dolly
to a wet coating. A standardized scratch test has been developed for testing adhesion of hard
coatings such as alumina, TiN, and diamond-like carbon by dragging a stylus along the coating
surface with increasing normal force and measuring the load at which the coating fails in a brittle
fashion [5,6]. Atomic Force Microscopy (AFM) has been used to test adhesion of ultrathin
coatings (< 2 nm) by measuring the friction signal [7]. However, scratch testing approaches have
not been used for testing the adhesion of polymer coatings.

AFM scratching has recently been introduced as an approach for quantitative
measurement of polymer coating adhesion [8]. A controlled force was applied between the AFM
cantilever tip and the sample surface, and the tip was rastered across the edge of an applied thin
polymer coating. The tip moved from an uncoated region across the edge of the coating with the
cantilever aligned in the direction of scratching. Coating adhesion was determined by the number
of raster scans required to remove the coating at different forces [8].

In this work, the AFM scratching approach is extended to assess coating adhesion
degradation by prior exposure to aggressive conditions and by scratching in water. AFM
scratching can be used to provide a quantitative measurement of wet adhesion, which is not
possible by other methods. The coating adhesion is assessed in this work by the coating removal
rate during each raster scan, as described below.

4.4 Lessons Learned

After doing this work, it was realized that the AFM scratching technique for the
assessment of coating adhesion has severe limitations. The first is that determination of the stress
applied to the coating by the tip during scratching is very difficult. The normal stress is easy to
assess, but the force was dependent on bending of the AFM cantilever in complex modes.
Furthermore, wear of the tip, even diamond coated tips, during AFM scratching changed the
contact area and thus the stress. Finally, the polymer removal by the AFM tip involved polymer
wear as much as de-adhesion, so it depended on bulk polymer properties as well as interfacial
properties.

4.5 Experimental

Carbon steel 1018 coupons were abraded to 800 grit, cleaned with detergent, DI water,
and ethanol, and then kept in a desiccator for 24 h. A thin coating of an ultra high molecular
weight epoxy resin (eponol 53-BH-35, Momentive) was applied so that it partially covered the

210



sample surface. A mixture of 30% resin dissolved in a 75:25 wt% mixture of 2-butanone:1-
methoxy-2-propanol was applied using a draw down bar leaving an edge of the coating on the
surface. The polymer thicknesses varied between 2-4 pm. It should be noted that the technique is
limited to thin polymer coatings owing to z-direction limitations in topography variations in the
AFM scanner, which is about 4.5 um for the instrument used in this work. Some samples were
exposed for two days in a chamber with 90% relative humidity (RH) and incident ultraviolet B
(UVB) light with intensity of approximately 0.83 mW/cm®. A temperature increase of several
degrees C was noted in the exposure chamber.

AFM scratching was performed using a Veeco Dimension 3000 AFM in contact mode at
a set-point of 8 V, which is a measure of the applied force as described below. In situ AFM
scratching was performed in a deionized (DI) water droplet that was placed on edge of coating
for 1 h prior to testing. A silicon AFM probe coated with gold on the cantilever surface and with
doped diamond on the tip (DDESP-10, Bruker, k = 42N/m) was used for scratching in both air
and water. The rastered area, 100 um x 100 pm was covered by 512 parallel scan lines.

Two different probe holders were used, for measurements in air and in water,
respectively. The calibration curves for set-point vs. force are different for the two different
probe holders, Figure 4.1. The set-point voltage is the signal from the AFM photodiode
measuring laser beam reflected off of the bent cantilever [9]. At a given set-point, the air probe
holder exhibited a higher force than the solution probe holder. Specifically, at the set-point of 8
V used in this work, the force was found to be 28 puN and 20 uN, in air and in solution,
respectively.

A Nanoscope 7.3 controller was used to apply the controlled force and obtain data.
Imagel software was used to measure amount of coating removed during each raster scan.
Raman spectroscopy was performed with a Renishaw inVia Raman microscope to evaluate the
effectiveness of AFM scratching and infrared spectroscopy was performed with a Perkin-Elmer
Spectrum 100 MIR-TGS detector to study structural changes in the polymer.

4.6 Results and Discussion

Figure 4.2a shows AFM height images after different scans for a sample with a coating
that is about 4.1 pm in thickness that had been previously exposed to UVB and high RH, with
AFM scratching performed in air. These are typical images obtained in this work during AFM
scratching. The coating is on the left side of these images and uncoated steel is on the right. AFM
scratching by the tip was from right to left and the cantilever was aligned in the scratching
direction. 3-D renderings of the first and last images are given in Figure 4.2b.
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Figure 4.1. Calibration plot of normal force as a function of set-point for Si AFM probe coated
with Au on the cantilever and doped diamond on the tip (k = 42N/m) with air probe holder and
solution probe holder.

Grayscale thresholding by the image analysis software was used to determine the coating
edge for each image as shown in the bottom of Figure 4.2a. These images show that the edge of
the coating moved from right to left with each scan as the coating was removed from the
substrate surface by AFM scratching. The Raman spectra in Figure 4.3 provide evidence for total
removal of the coating in this region. The peaks from the polymer coating, for instance the peak
around 2950 cm™ associated with the C-H bond, are absent after scratching. Close examination
of the topographic image of the lower scratched region of the 7" scan in Figure 4.2b shows some
features. However, these features are associated with scratches in the steel substrate generated
during sample preparation. The evidence indicates that the coating is completely removed from
the surface in increments during AFM scratching so that the removal rate can be used as a
measure of the coating adhesion strength.
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Figure 4.2. (a) AFM height images and threshold images during AFM scratching. Scan area 100
pm x 100 pm, Z range of height images 4500 nm (b) 3D topography images of 1* and 7™ scans.
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Figure 4.3. Raman spectra for scratched and epoxy resin coated areas.

The average coating removal distance for each scan was calculated by dividing the area
of the coating removed by the length of the coating edge that was scratched. There was some
variation of this distance for sequential scans of the same sample, as shown in Table 4.1. The
average value of the amount of coating removed per scan was used as a measure of the adhesion
strength of the polymer coating. By comparing this value for different exposed samples, it is
possible to determine the effects of exposure on polymer adhesion degradation.

Table 4.1. Average distance removed during each scan of the sample shown in Figure 4.2.

Scan number Average distance removed (um)
2 6.46
3 10.1
4 7.88
5 5.58
6 6.85
7 5.15

Average values of coating removal per scan for different samples are shown in Figure
4.4. Non-exposed samples remained unchanged after 10 scans in air at a set-point of 8§ V. In
contrast, a removal rate of 7.7 um/scan was observed for samples that had been previously

214



exposed to high RH and UVB and then tested in air. The coating removal rate was about 6.6
pm/scan for a sample that had no prior exposure but was tested in situ under DI water. Even
though the force applied at the 8 V set-point was lower for in situ scratching than air scratching,
the coating removal rate was greatly increased as a result of polymer adhesion degradation in the
DI water environment. The highest coating removal rate, 25.5 pm/scan, and thus the greatest
degradation of adhesion, was observed on samples previously exposed to high RH and UVB and
tested by AFM scratching in DI water. The data show that the prior exposure and in situ testing
separately and together synergistically degrade polymer adhesion.
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Figure 4.4. Average coating removal rate for different samples. The various bars for a given
condition indicate the results for replicate experiments. The numbers and error bars represent the
average and standard error, respectively, for the different scans on each sample. The number of
scans for each of the samples is as follows. Non-exposed: 10 times; UVB, high RH, in air: 5-7
times; non-exposed, in situ: 7-10 times; UVB, high RH, in situ: 3 times.

FT-IR spectra of the unexposed epoxy resin and the resin after exposure in high RH with
or without incident UVB are shown in Fig..5. Exposure to UVB resulted in a new peak at 1739
cm’' associated with the C=0 bond that is not present in the unexposed sample or in the sample
exposed to RH without UVB. This product was the result of photo-oxidation, which caused
scission of the main chain (C-O-C) at 1265 cm™ [10]. It is possible that this polymer degradation
resulting in more channels allowing a higher rate of water penetration, which degraded the
interface and decreased adhesion.
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Figure 4.5. FT-IR spectra for coated samples exposed with and without exposure to UVB in
humid air and non-exposed coated sample.

The mechanics involved with dragging the AFM tip across the edge of a polymer coating
are complicated and beyond the scope of this communication. Nonetheless, the process results in
removal of coating from the substrate. Furthermore, conditions expected to degrade coating
adhesion have clear effects on the removal process. Therefore, it is reasonable to assume that the
rate of coating removal at a fixed tip force can be used as a quantitative measure of the coating
adhesion strength. Even though the technique is limited to thin polymer coatings, adhesion is
controlled by the interface characteristics, which could be the same for thin and thick coatings.

4.7 Economic Summary
There is no economic impact of this work as of now.
4.8 Implementation

There is no plan to implement this work as of now. However, it has been published and
so is available in the literature for others to take up and use.
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4.9 Conclusions

AFM scratching at a fixed force was performed across the edge of a thin coating of ultra high
molecular weight epoxy resin on steel substrates shown to be an effective approach for
quantitative assessment of polymer coating adhesion degradation. Coating adhesion was
degraded by scratching in a DI water environment or by prior exposure to UVB and high relative
humidity.
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Task 5: Atmospheric corrosion of Cu

5.1 Summary

The effects of UV, ozone and NaCl on the atmospheric corrosion of Cu have been studied by two
types of laboratory exposures of Cu. The first type was exposure of Cu with NaCl deposited
before exposure. Initial stage of Cu corrosion was studied via this type of laboratory exposure.
The other was exposure of Cu with constant deposition of NaCl during exposure. Kinetics of Cu
corrosion under constant deposition of NaCl was studied via the second type of lab exposure.

The corrosion products were analyzed by x-ray diffraction and quantified by coulometric
reduction. Surface morphology after exposure was studied by scanning electron microscopy. The
protection effect of naturally-formed copper oxide was shown by comparing the corrosion
behaviors of Cu and Ag with UV and ozone but in the absence of NaCl. UV illumination had a
significant accelerating effect on Cu corrosion regardless of presence of ozone. With ozone and
NaCl, the accelerating effect of UV was more evident at low RH (60%) than at high RH (90%).
Loading of NaCl is critical for formation of Cuy(OH);Cl, a common corrosion product of Cu in
marine environment. Oxidation of CuyO to Cuy(OH);Cl in the presence of NaCl by oxygen and
ozone is a possible pathway for formation of Cu,(OH);CL

A laboratory environment chamber with a constant deposition rate of NaCl was built. With this
chamber, the corrosion behavior of Cu during constant NaCl deposition was investigated with
different CO, concentrations and ultraviolet (UV) illumination. An Na,COs solution was found
to be more suitable than KCI solutions for quantification of Cu corrosion products. Cuprite was
always the dominant corrosion product during exposure of Cu in various environments. UV
illumination accelerated formation of cuprite significantly but had very little effect on formation
of cupric corrosion product. CO; in the environment was important in determination of cupric
corrosion products. With 350 ppm CO,, paratacamite was the dominant product, while tenorite
was dominant with <1 ppm CO,. This explains why tenorite is not a common cupric corrosion
product in the field. Pitting corrosion was always the dominant form of corrosion at the
beginning of the exposure period but uniform corrosion dominated at later times. The new
environment chamber enables the determination of Cu corrosion kinetics in the lab, especially
the formation of paratacamite, which provides insight into Cu atmospheric corrosion in the field.

5.2 List of Figures and Tables

Figure 5.1. Schematic drawing of home-built environment chamber with constant deposition of
NaCl.

Figure 5.2. Potentiometric measurement of NaCl concentration in wet candle.
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Figure 5.12.

Figure 5.13.

Figure 5.14.

Figure 5.15.

Reduction charge of bare Ag and Cu in nitrogen environment with different
concentration of ozone. All samples were exposed for 22 h with UV illumination at
90% RH. Ag reduction charges were taken from literature (1) and are shown here
for comparison.

Reduction curves of as polished Cu, Ag and Cu exposed to 1.5 ppm ozone, 90%
RH air, UV for 22h without NaCl.

Reduction curve of Cu exposed to 900 ppb ozone, 90% RH air, UV for 6 h with 9
ug/cm’® NaCl.

GIXRD spectra of Cu exposed to UV, 250 ppb ozone, 90% RH air, 4 pg/cm” NaCl
for 22.5 h. A: exposed to UV, incident angle 0.5°; B: exposed to dark, incident
angle 0.5°; C: exposed to UV, incident angle 3°; D: exposed to dark, incident angle
3°; E: as polished Cu, incident angle 3°.

GIXRD spectra of Cu exposed to 250 ppb ozone, 90% RH air for 22.5 h. Incident
angle is 0.5°. A: 32 pg/cm” NaCl with UV; B: 32 pg/cm” NaCl in dark; C: 16
pg/cm’® NaCl with UV,

SEM and EDX mapping of Cu exposed with 16 pg/cm? NaCl, 250ppb ozone in
90% RH air for 22.5 h.

Reduction charge of Cu and Ag exposed with different loading of NaCl. a: Cu was
exposed to 90% RH air and 250 ppb ozone, with or without UV illumination for
22.5 h. b: Cu was exposed to 90% RH air and 250 ppb ozone, with or without UV
for 10 h. Exposure results of Ag are from (1) where Ag was exposed to 90% RH,
UV and 630 ppb ozone for 22h.

SEM image of Cu exposed with16 pg/cm*NaCl in 90%RH air with 250 ppb ozone
and UV for 22.5 h. a: lightly corroded area; b: heavily corroded area. The leaf-
shape feature in the image Figure 5.10a is remaining NaCl.

Reduction charge of Cu exposed to 16 pg/cm? NaCl, 250 ppb ozone, 90% RH air
and UV for different times.

Reduction charge of samples exposed to 250 ppb ozone and NaCl in air, with UV
radiation or in dark. Loading of NaCl was 4 ug/cm”. The dashed lines are
extrapolations of the lines from lower RH to facilitate the comparison with the
increased charge at high RH.

SEM image pictures of Cu exposed to 250 ppb ozone, 90%RH air, 16 pg/cm” NaCl
and UV for 22.5 h. a: as exposed; b and c: rinsed with before SEM.

Accumulated deposition of NaCl vs deposition period for saturated and 5 wt%
NaCl solutions in the bubbler beaker.

Analysis of Cu exposed to humid air, 0.1 mg/cm*h NaCl. a)reduction curve in 0.1
M Na,CO; for sample exposed with UV b)reduction curve in 0.1 M Na,COj3 for
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Figure 5.16.

Figure 5.17.

Figure 5.18.

Figure 5.19.

Figure 5.20.

Figure 5.21.

Figure 5.22.

Figure 5.23.

Figure 5.24.

sample exposed in dark ): XRD spectra of sample from b) before reduction and
after reduction through the first two plateaus only.

Reduction curve of two samples exposed to 100% RH humid air, 0.1 mg/cm’h
NaCl for 23 h. A: reduced in 0.1 M KCI with -0.05 mA/cm?; B: reduced in 0.1 M
Na,COj5 with -0.05 mA/cm?.

Cu exposed to humid air with 0.1 mg/cm’h NaCl for 3 h. Solid line: Reduction
curve. Dashed line: Derivative of the reduction curve. Note that cupric here
represents cupric compounds such as paratacamite or atacamite.

a) Weight loss and loss in thickness of Cu exposed to humid air and 0.1 mg/cm’h
NaCl, with UV (solid lines) or in dark (dashed lines). b) formation rate of cuprite
and paratacamite and corrosion rate of Cu, derivative of data showed in Figure
5.18a.

Schematic illustration of the interaction between photons and n-type cuprite. CB:
conduction band; VB: valence band, modeled after (2-3).

SEM images of Cu exposed to low and high CO,. a)and b)Cu exposed to humid air
with less than 1 ppm CO, and 0.1 mg/cm*h NaCl for 58.5 h. Broken film in figure
5.20b is remaining NaCl as confirmed by EDS. c)and d)Cu exposed to humid air
with 350 ppm CO; and 0.1 mg/cm*h NaCl for 60.5 h. Flakes in d) are
paratacamiteas confirmed by EDS.

Reduction curve of Cu exposed to humid air with less than 1 ppm CO; and 0.1
mg/cm’h NaCl for 23.5 h. Cu was reduced in 0.1 M Na,COs.

Effect of CO, concentration on Cu corrosion. a) equivalent weight loss of Cu
exposed to humid air with 350 ppm or < 1 ppm CO,. NaCl deposition rate is 0.1
mg/cm’h. Subscript L and solid lines are Cu exposed to < 1 ppm CO,. Subscript H
and dashed lines are Cu exposed to 350 ppm CO,. For Cu exposed to < 1 ppm CO;,
Wp is weight loss due to formation of tenorite instead of paratacamite. b) formation
rate of cuprite and paratacamite and corrosion rate of Cu, derivative of data showed
in a).

Images of Cu exposed to humid air(350 ppm CO,) and 0.1 mg/cm*h in dark. a), b)

and c) are samples after exposure. d), €) and f) are exposed samples after soaked in
6.5 M HCI for 5 min and 1 min in 1 M H,SO4 to remove corrosion products. a)and

d) are samples exposed for 4h; b) and e) are 12 h; c) and f) are samples exposed for
23.5h.

a)profiles of Cu with one droplet of saturated NaCl in 98% RH for 1 h, 23 h and 69
h respectively. Dashed line: geometrical profile of the droplet. Solid line: Volta
potential. bymorphology of the same Cu sample after 72 h exposure and remove
corrosion product by strong acid.
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Figure 5.25. Maximum pit depth and equivalent weight loss of Cu exposed in various
environments.

Table 5.1.  Corrosion rate of Cu exposed to different environments, um/d.

Table 5.2.  Corrosion products of Cu exposed to 0.1 mg/cm’h NaCl and humid air.

5.3 Introduction and Background

Cu has been widely used for electronic and heat exchange applications due to its high electrical
and thermal conductivity. It also has fairly good atmospheric corrosion resistance so it has been
frequently used for art works and building construction such as roofs and gutters (4). Cu is also
suggested by the International Standards Organization for use as an atmospheric corrosivity
monitor (5). Due to its wide application in atmospheric environments, atmospheric corrosion of
Cu has been studied using both field and lab exposures.

Cuprite (Cuz0) is one of the most common Cu corrosion products formed on field-exposed Cu
(6). During outdoor exposure cuprite is also the initial corrosion product on top of which other
complex Cu compounds can form. In industrial environments, posnjakite
(Cuy(OH)(S0O4.H,0), brochantite (Cus(OH)¢SO4) and antlerite (Cu3z(OH)sSO4H,0) (6-8)
are the most common compounds found on Cu. Greenish atacamite (Cuz(OH)3;Cl) and its
polymorph paratacamite (Cu(OH);Cl) (6, 8-12) usually appear after several months of
marine exposure. The mechanism of formation of Cu(OH);Cl is still not well understood.
Cuz(OH);Cl deposits are usually porous (12), so its formation should be avoided if Cu is
used as structural material. However, for decorative applications, formation of Cu;(OH);Cl
might be desirable because of its attractive greenish color.

Ozone, O3, a common pollutant and strong oxidant present in atmosphere, strongly
accelerates Cu corrosion during lab exposure (13). It is well known that ozone is very
sensitive to UV, which accelerates photolysis of ozone to create molecular dioxygen and
atomic oxygen (14-15). A combination of UV and ozone can dramatically increase
corrosivity and result in fast corrosion (1, 16). Furthermore, it has been reported that
copper oxide is very sensitive to UV alone (17). Interaction between photons and naturally-
formed copper oxide usually improves the passivity of Cu (2, 18). Therefore, it is of interest
to study atmospheric corrosion behavior of Cu in the presence of ozone and UV. This paper
reports the effects of ozone, UV and NaCl on Cu corrosion and formation of Cu(OH);CL

NaCl has a strong accelerating influence on Cu corrosion in the field, especially in marine
environments (8, 12). The effects of NaCl have also been investigated in laboratory-based
atmospheric corrosion studies (19-24). NaCl has been shown to accelerate the breakdown of the
naturally formed and protective copper oxide by the formation of copper chloride complexes
(23), especially at high relative humidity (RH). When the RH is higher than the critical relative
humidity of NaCl, 75% (25), deposition of 4 pg /cm* of NaCl before exposure increases the Cu
corrosion rate of Cu by about one order of magnitude during 10 days exposure (20).
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NaCl has also been shown to be critical for formation of Cuy(OH);Cl (7). In the presence of
NaCl, cuprite (Cu,0) can be readily oxidized to atacamite or paratacamite, which are isomers of
Cuy(OH);Cl (24). However, because of difficulties generating a constant deposition rate of NaCl
during lab exposure, there is a lack of information on the kinetics of Cuy(OH);Cl formation and
how Cu,(OH);Cl affects the Cu corrosion rate.

Methods used to introduce NaCl onto a surface for laboratory study of atmospheric corrosion of
Cu and other metals include deposition of NaCl particles before exposure by fast evaporation of
ethanolic NaCl solution (20, 23), thermophoretic deposition (26-27) or printing (28). A
disadvantage of prior deposition for the study of Cu corrosion kinetics is that the available NaCl
in the environment decreases with time due to formation of Cuy(OH);Cl or CuCl during
exposure. Furthermore, deposited NaCl particles can alter the form of corrosion because
localized attack can initiate at the edge of a particle or under a particle where deliquescence of
NaCl occurs first (20).

The CO; concentration has been shown to have a critical influence on the initial Cu corrosion
reaction in the presence of NaCl particles (21, 29). With lower CO,, secondary spreading of
NaCl is much more significant (29) and formation of CuCl is impeded (21). Therefore,
depending on loading of NaCl, the effects of CO, concentration on Cu corrosion can be different.

This report describes a new chamber to provide constant deposition of NaCl during atmospheric
exposure of Cu as well as normal laboratory exposure of Cu with NaCl pre-deposited. In this
report, the combined effects of UV illumination and CO, on Cu atmospheric corrosion kinetics
during constant NaCl deposition are studied. An appropriate coulometric reduction technique to
easily quantify the amounts of Cu,O and Cuy(OH);Cl is also described.

5.4 Lessons Learned

This work has shown that the understanding gained from previous studies on the atmospheric
corrosion of metals can only partially be applied to different metals, even when testing under the
same conditions. Unfortunately, this means that considerable work is required to understand and
predict the effects of various accelerating factors on the atmospheric corrosion of metals. There
are no “short cuts” to achieving that knowledge.

5.5 Experimental

Environment chamber design

Two types of environment chambers were built for laboratory exposure of Cu. The key
difference between them was the way how NaCl was deposited. For the first type, NaCl was
loaded on the Cu samples before exposure by fast evaporation of NaCl ethanol solution
according to procedures described elsewhere (30). Loading of NaCl ranged from 4 to 32 pg/cm’.
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For the second one, a continuous NaCl was provided by bubbling of NaCl solution inside of the
chamber. Therefore NaCl continuously deposited onto Cu surface during exposure.

Detail of the first type of chamber was described elsewhere (1). Ozone concentration, UV
intensity and relative humidity can be accurately controlled in this chamber. The UV light was
generated by a mercury UV lamp with primary energy at 254 nm. The UV intensity was 3.6
mW/cm” for all exposures performed under UV illumination. Lab air or nitrogen was used as the
carrier gas for ozone and the total flow rate was 830 cc/min.

Figure 5.1 is a schematic representation of the second type of home-built environment chamber
that can provide a continuous and constant rate of NaCl deposition from an aerosol. A 200-ml
beaker of saturated NaCl solution inside the chamber was bubbled with air through a glass frit
tip, labeled inlet flow A. The beaker of saturated NaCl solution (6.2 M) contained enough
undissolved NaCl particles to maintain saturation during the entire exposure time. Inlet flow A
needed to be pre-humidified to avoid blocking of the frit by precipitation of NaCl associated with
concentration buildup adjacent to the frit (31). The exposure location of the Cu samples was
maintained at a position 53 mm away from the frit bubbler.

l Quartz |
RH = 100%
<— Inlet flow A
Inlet fowB —>
Sample H,O
| |8
O
HQO' oo :I:I:D
o
o||° |€&—1200 ml saturated or 5 wt.%
°l o ) © NaCl solution.
(o) (o) O,
o °© Oltlo
q | o | i
= (o) e i— NaCl particles

Figure 5.1.Schematic drawing of home-built environment chamber with constant deposition of
NaCl.

During exposure, the area of the Cu samples covered by NaCl droplets increased gradually. After
approximately 12 h exposure, samples were completed covered by a thin layer of aqueous NaCl
solution.
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Another flow of air, inlet flow B, was used to maintain the RH around 100% when the saturated
solution was used for flow A. Unless otherwise specified, the air used in this work contained 350
ppm CO, and the RH during exposure was always close to 100%. Ultra-purified air with less
than 1 ppm CO; was also used to study the effect of CO,. The flow rates of inlet flows A and B
were 15 cc/min and 436 cc/min, respectively. Mass flow controllers were used to control the
flows accurately. Flow A and flow B were started at least three days before exposure of the Cu to
reach steady state conditions in the bubblers and in the chamber. Once exposure of the Cu
started, the flows were maintained, even during the periods of sample changes.

The top cover of this chamber was a 4 mm thick quartz glass window, which allowed UV light
(254 nm) to penetrate through into the chamber. The UV intensity was 3.2 mW/cm® at the top
side of the quartz window. The Cu samples were exposed in the dark unless it is specified that
they were exposed under UV illumination.

In some cases, the beaker in the chamber contained 5 wt. % NaCl. Under these conditions, inlet
flow A was 830 cc/min and inlet flow B was not used. This is similar to the salt bubble chamber
described previously for the study of Ag atmospheric corrosion (32).

Measurement of NaCl deposition rate

NaCl aerosols were generated in the chamber by flow A. The deposition rate of NaCl was
measured by pseudo-wet-candle collection followed by potentiometric titration. NaCl aerosols
were collected with a cylindrical thin-wall beaker without a spout (1 mm in thickness and 2.2 cm
inside diameter). The beaker was placed in the chamber at a location where its mouth was at the
same distance from the frit and the same height as where the samples were exposed. It had 5 ml
of deionized (DI) water inside before collection. After exposure, all NaCl droplets on the top and
inside of the wall as well as the inside solution were carefully transferred into a large beaker by
rinsing with DI water at least three times. The total volume of the final NaCl solution, including
all rinsing water, was controlled to 100 - 120 ml to reduce errors.

This NaCl solution was potentiometrically titrated with AgNOs. Three concentrations of AgNOs3,
0.1 M, 0.04 M and 0.004 M, were used depending on the amount of NaCl. The working
electrode was an Ag wire and the reference electrode was a saturated mercurous sulfate electrode
(MSE). A 0.1 ml aliquot of the AgNO; solution was added repeatedly and the solution was
stirred with a glass rod for about 5 s after each addition. A steady potential was noted after
waiting at least 100 s. The equivalence point was determined by the maximum of the derivative
curve of potential vs AgNO3 volume, as shown in Figure 5.2. The deposition rate of NaCl, D, in
mg/cm’h was determined from equation 5.1.

B 585xV xM
tx A

D [5.1]

where V is the volume of AgNOj at the equivalence point in ml, M is concentration of AgNOs in
mol/L, t is deposition time in h, and A is area in cm’.
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Figure 5.2. Potentiometric measurement of NaCl concentration in wet candle.

Sample preparation

All Cu coupons were 99.99 % pure and 17 mm x 17 mm x 1.6 mm in size. For samples exposed
in the first kind of environment chamber, they were ground 400 and 600 grit papers. For samples
exposed in the second kind of environment chamber, they were sequentially grounded down to
1200 grit, followed by 6 um and then 1 pm diamond polishing. After grounding and polishing,
all samples were ultrasonically cleaned in 99.5 wt% ethanol, and dried with a fan immediately
and then they were stored in a desiccator for 24 h before exposure.

Identification and quantification of corrosion products

After exposure, the morphology of corroded Cu was observed using scanning electron
microscopy (SEM) and energy dispersive spectroscopy (EDS). Corrosion products were
identified by X-ray diffraction (XRD) or Grazing Incidence XRD (GIXRD).

The amount of corrosion product was then quantified by coulometric reduction technique using
0.1 M KCI (33) or 0.1 M Na,CO3 (34) as the supporting electrolyte. For samples exposed in the
first kind of chamber, they were reduced in the 0.1 M KCIl, as suggested by the ASTM B825
standard (33). The reduction current density was 0.1 mA/cm” and a saturated calomel electrode
(SCE) was used as reference electrode. The Cu corrosion rate was calculated by equation 5.2, by
assuming cuprous ions are the dominant corrosion product.

C- 10xM xR
nxFxDxt
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where C is corrosion rate in pm/d, M is atomic weight of Cu, 64 g/mol, R is total reduction
charge in mC/cm2, n=1 is the number of electrons transferred, F is the Faraday constant, 96500
C/mol, D is density of Cu, 8.96 g/cmz, and t is exposure duration in d. The accelerating effect of
UV was quantified by the acceleration factor (AF), which is defined by equation 5.3:

0,
AF = 2w [5.3]
0,

where Qyy is reduction charge of Cu exposed with UV illumination and Qq is the reduction
charge of Cu exposed to the same environment but in the dark.

For Cu exposed in the second kind of environment chamber, they were reduced in 0.1 M
Na,COs. Because cupric corrosion products were significant present and reduction of cuprous
ions and cupric ions can be clearly differentiated with 0.1M Na,COs. This will be discussed later.

A constant reduction current density of 0.05 mA/cm® was used when samples were reduced in
0.1 M Na,COs. A conventional three electrode flat cell was used to carry out the reduction
testing. Saturated calomel electrode (SCE) was used as a reference electrode and a platinum
mesh was used as an auxiliary electrode. All potentials mentioned in this paper are respect to
SCE unless specified otherwise.

Pit depth measurement

To determine pit depth, unreduced samples were pickled in 6.5 M HCI for 5 min followed by
soaking in 1 M H,SOj4 for 1 min. They were then rinsed with DI water for less than 30 s, sprayed
with ethanol and immediately air dried. Pit depth was measured by optical profilometry. At least
6 spots close to center of samples with area 0.26 to 1.73 mm” were scanned. No pits were
generated during acid pickling and drying of a control sample that was not first exposed in the
chamber.

Scanning Kelvin Probe (SKP) measurement

A 2 pL droplet of saturated NaCl solution was transferred onto as-polished Cu and the Cu
sample was immediately placed in the airtight SKP chamber. The relative humidity in the
chamber was kept at 98% by wet air flow (containing ambient CO,) before loading of the
sample. After loading of the sample, the relative humidity increased back to 98% within 10 min.
As a result, the droplet did not dry out before or during SKP measurement. A line scan across the
droplet was carried out at a scan rate of 0.8 um/s and with 4 um step size. Details of the SKP
measurements are described elsewhere (35).

5.6 Results and Discussion

Exposure of Cu without NaCl

Bare Cu (no NaCl) was exposed in dry (RH ~ 0) or humid (RH 90%) lab air or pure nitrogen
with different concentrations of ozone for 22 h. Bare Cu stayed shiny after exposure and seemed
not to corrode at all. The reduction charges of bare Cu were much less than reduction charges of
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bare Ag even with higher ozone concentration, as Figure 5.3 shows. It is surprising that corrosion
rate of Cu was much slower than Ag, because Ag is a more noble metal than Cu.
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Figure 5.3. Reduction charge of bare Ag and Cu in nitrogen environment with different
concentration of ozone. All samples were exposed for 22 h with UV illumination at 90% RH. Ag
reduction charges were taken from literature (1) and are shown here for comparison.

Figure 5.4 shows reduction curves of as-polished Cu and Ag stored in a dessicator for 24 h after
polishing. As-polished Cu has a distinct reduction plateau at -0.65 V before hydrogen evolution
started. This potential corresponds to reduction of naturally-formed copper oxide, which is
mainly Cu,O (36). The thickness of the naturally-formed copper oxide is about 2.5 nm by
estimation from reduction charge. This is consistent with previous reduction analysis and
measurement by XPS depth profile analysis (36-38). Generally, it is believed that this naturally-
formed oxide has a bilayer structure (38). The inner layer is dense Cu,O, which has fairly good
protection and a very thin outer layer is porous CuO or Cu(OH) (36, 38). The naturally-formed
Cu,0 layer is likely nonstoichiometric or amorphous with a mixture of Cu(0) and Cu(I) and is
reduced at a higher potential than crystalline Cu,O (39-40). It is difficult to differentiate
reduction of this naturally-formed Cu,O with CuO, because CuO is also reduced at around -0.65
V (41-42) . Crystalline Cu,0O is usually induced by corrosion and is reduced at lower potentials
ranging from -0.75 to -0.9 V (39, 43-45).
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Figure 5.4. Reduction curves of as polished Cu, Ag and Cu exposed to 1.5 ppm ozone, 90% RH
air, UV for 22h without NaCl.

The Ag reduction curve does not have a reduction plateau before hydrogen evolution. This
means that the naturally-formed oxide layer is very thin or does not exist on Ag. This suggests
that bare Cu corroded slower than Ag because it was protected by its naturally-formed oxide,
even though Ag is more noble than Cu.

Figure 5.4 also shows a typical reduction curve of bare Cu exposed. It roughly has two reduction
plateaus. The first one is around -0.65 V and the second one is very broad, ranging from -0.8 to -
1.1 V. The oxide film formed in the presence of ozone during exposure might be very similar to
that formed on Cu exposed in humid air at 60 °C, which results in formation of a duplex oxide
layer (42). The outside layer is CuO and the inner one is CuO. So the first plateau at -0.65 V
might be a combination of one-step reduction of newly formed CuO (41-42) and reduction of
naturally-formed oxide. The second plateau is probably due to newly formed Cu,O during
exposure. The oxide layer formed during exposure of Cu was only about 3 nm from the
reduction charge, which is slightly thicker than the as polished Cu.

Identification of corrosion products of Cu exposed with NaCl

Cu corrosion became much more severe when the surface was contaminated with NaCl.
Significant brownish patinas appeared after 5 hour exposure with only 4 ug/cm” NaCl. As
loading of NaCl increased up to 16 ug/cm” NaCl, small green spots scattered on sample surface
and become prevalent after exposure.

Figure 5.5 shows a typical reduction curve of Cu with NaCl exposed to a humid environment. It
only has one big plateau around -0.75 to -0.85 V. Normal XRD analysis indicates that only Cu,O
forms during exposure and usually it coexists with remaining NaCl. Therefore, the big plateau
corresponds to reduction of CuyO. This is also consistent with previous research (39, 43-45). As
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shown in Figure 5.5 the reduction potential of the products on corroded Cu usually starts higher
than this big plateau and then decreases to a lower value within a few tens of seconds and then
increases back to the big plateau. The reduction prior to the big plateau is probably due to
reduction of Cu corrosion products with higher oxidation state. This is supported by GIXRD in
Figure 5.6. As the incident angle decreases from 3° to 0.5°, broad peaks near CuO character
peaks appear. This indicates the presence of a thin CuO layer at the outermost surface.
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Figure 5.5. Reduction curve of Cu exposed to 900 ppb ozone, 90% RH air, UV for 6 h with 9
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Figure 5.6. GIXRD spectra of Cu exposed to UV, 250 ppb ozone, 90% RH air, 4 pg/cm” NaCl
for 22.5 h. A: exposed to UV, incident angle 0.5°; B: exposed to dark, incident angle 0.5°; C:
exposed to UV, incident angle 3°; D: exposed to dark, incident angle 3°; E: as polished Cu,
incident angle 3°
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With an NaCl loading of 16 ug/cm?, 250 ppb ozone in 90% RH air for only 22.5 h, the formation
of paratacamite (Cuy(OH);Cl) as well as cuprite were confirmed by GIXRD analysis, Figure 5.7.
Paratacamite is a common greenish corrosion product formed during field exposure in marine
environments (9-10, 12). SEM and EDS mapping observation also indicate the presence of
scattered regions enriched in O and Cl but depleted in Cu on samples exposed with 16 ug/cm? or
more NaCl, as Figure 5.8 shows. This confirms the presence of Cuy(OH);Cl and also proves that
no continuous Cuy(OH);Cl film formed during exposure.
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Figure 5.7. GIXRD spectra of Cu exposed to 250 ppb ozone, 90% RH air for 22.5 h. Incident
angle is 0.5°. A: 32 pg/cm’® NaCl with UV; B: 32 pg/cm® NaCl in dark; C: 16 pg/cm® NaCl with
UV.

Effect of NaCl on Cu corrosion

Figures 5.9a and 5.9b show the reduction charge for Cu exposed with different NaCl loadings in
different environments for 22.5 h or 10 h. With NaCl on the Cu surface, even at the low loading
of 4 pg/cm’, the reduction charge increases dramatically from almost zero to more than 100
mC/cm® after exposure to 90% air and 250 ppb ozone for 22.5 h. The effect of NaCl on the
reduction charge of products formed on Ag, which was reported previously (1), is much less
significant than Cu corrosion. The reduction charge of Ag even slightly decreases after addition
of 8 pug/cm” NaCl.
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Figure 5.8. SEM and EDX mapping of Cu exposed with 16 pg/cm* NaCl, 250ppb ozone in 90%
RH air for 22.5 h.
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Figure 5.9. Reduction charge of Cu and Ag exposed with different loading of NaCl. a: Cu was
exposed to 90% RH air and 250 ppb ozone, with or without UV illumination for 22.5 h. b: Cu
was exposed to 90% RH air and 250 ppb ozone, with or without UV for 10 h. Exposure results of
Ag are from (1) where Ag was exposed to 90% RH, UV and 630 ppb ozone for 22h.
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It is been reported that presence of chloride can result in breakdown of the naturally-formed
copper oxide layer by formation of CuCl,™ (23, 38, 46), according to:

1/2 Cu,0 +2CI'+ H” > CuCly +1/2H,0 [5.4]

After breakdown of the naturally-formed oxide, normal atmospheric corrosion of Cu starts.
Reduction of oxygen and ozone are the dominant cathodic reactions accompanying the anodic
oxidation of copper to cuprous ions. The reduction charge of Cu exposed to 32 pg/cm? NaCl and
250 ppb ozone for 22.5 h is as high as 198 mC/cm?, which is equal to a corrosion rate of 0.28
um/d according to equation 1. This is much higher than the normal Cu corrosion rate in the field,
which ranges from 0.5 to 3 pm/year (7), because the NaCl loading and ozone concentration are
much higher than what is typically found in real environments.

The accelerating effect of NaCl on the initial Cu corrosion during 22.5h exposure period
decreases when NaCl increases from 4 to 32 pg/cm’, as shown in Figure 5.9. When NaCl
increases from 16 to 32 pg/cm’®, in both dark and UV-illuminated environments, the corrosion
rate does not increase significantly. This result is different than previous research, which
indicates that the Cu corrosion rate increases linearly as NaCl loading increases from 2 to 33.5
ng/cm” for Cu exposed longer than 10 days (20, 23). During initial Cu corrosion, corrosion
resistance is mainly due to the protective naturally-formed copper oxide. It is probably because
the loading of NaCl is not critical for breakdown of the naturally-formed oxide as long as it
reaches some threshold value. Thus the acceleration effect of loading of NaCl on the initial
corrosion decreases as the loading increases. However, NaCl depletion by consumption to form
corrosion product is more important during long term exposure. Therefore loading of NaCl is
much more critical for long term exposure and the linear relationship between corrosion rate of
long-term exposed Cu and the loading of NaCl was found before (20, 23).

The corrosion morphology is not uniform. The SEM image in Figure 5.10a of a sample exposed
with NaCl, O;, RH, and UV shows shallow pits at a lightly corroded area of the sample.
However, at a more heavily corroded area, pits are rarely observed in a top-down view, because
the pits as well as the adjacent area are completely covered by corrosion product, as Figure 5.10b
shows. Owing to the role of H', the conversion from naturally-formed copper oxide to CuCly”
(equation 5.4) is promoted in acidic solutions. It is likely that, at the beginning, a localized acidic
environment forms due to pitting initiation. The increase of acidity in pits results in further
breakdown of the naturally-formed oxide layer and then uniform corrosion takes over. Corrosion
products, mainly Cu,O, cover Cu surface. That is why pits are rarely observed at heavily
corroded area, as shown in Figure 5.10b.
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Figure 5.10. SEM image of Cu exposed with16 pg/cm?NaCl in 90%RH air with 250 ppb ozone
and UV for 22.5 h. a: lightly corroded area; b: heavily corroded area. The leaf-shape feature in
the image Figure 5.10a is remaining NaCl.
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Figure 5.11 shows that the kinetics of Cu corrosion with 16 pg/cm” NaCl are close to linear
within 45 h. This is different than the parabolic kinetics found for Cu via oxidation by oxygen
without NaCl (41) and supports the breakdown of naturally-formed oxide due to the presence of
NaCl. However, the reported corrosion rate of Cu exposed to 500 ppb ozone and 22 to 33 pg/cm’
NaCl for 4 weeks (23) is much less than the short term exposure corrosion rate of Cu reported in
this paper. This is probably caused by a decrease of Cu corrosion rate from reaction and
depletion of NaCl after long exposures.
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Figure 5.11. Reduction charge of Cu exposed to 16 pg/cm” NaCl, 250 ppb ozone, 90% RH air
and UV for different times.

Effect of Ozone and UV

Table 5.1 lists corrosion rates of Cu exposed in nitrogen/ozone or air/ozone environments. The
corrosion rates of Cu exposed to 900 ppb ozone in nitrogen and Cu exposed to pure air are on the
same order, even though the NaCl loading of Cu exposed in nitrogen was smaller. This means
the corrosivity of 900 ppb ozone in nitrogen is at least similar to that of air for Cu. It is because
ozone is a much stronger oxidant than oxygen. In a dark environment, the main cathodic
reactions are the reduction of ozone and oxygen (reactions 5.5 and 5.6).

O;+6H +66 > 30,0 E°=127V [5.5]

O,+4H +4¢ > 2H,0  E°=0.99V [5.6]
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The standard reduction potential of ozone is 280 mV more positive than oxygen (47). In a
neutral solution, the reversible potential of ozone reduction with 900 ppb ozone is 0.8 V, which
is about 230 mV more positive than reversible potential of oxygen reduction in ambient air
environment (0.57 V), assuming partial pressures of ozone and oxygen are 9 x 107 and 0.21 atm,
respectively. With addition of 250 ppb ozone, corrosion rate of Cu exposed in air with 16 pg/cm’
NaCl increased evidently as Table 5.1 shows. This proves the corrosivity of ozone on Cu
corrosion again.

Table 5.1. Corrosion rate of Cu exposed to different environments, pm/d.

9 ug/em” NaCl, 6 h, 90% RH 16 pg/cm” NaCl, 22.5h, 90% RH
Nitrogen, 900 ppb ozone Air, no ozone Air, 250 ppb ozone*
Dark 0.09 0.11 0.14
uv 0.17 0.22 0.25
AF 1.9 2 1.8

* Average of three samples.

It has been proven that a strong interaction between photons and cuprous oxide has significant
effect on Cu aqueous corrosion (2, 18, 48-50). Since the naturally-formed cuprous oxide is a p-
type semiconductor with a band gap of 2.4 eV (51), UV illumination results in a cathodic
photocurrent that improves passivity (2, 48). But the newly formed cuprous oxide in sodium
chloride or sodium borate solution is n-type semiconductor with similar band gap (18, 49-50). So
under illumination of UV, extra anodic photocurrent can be generated, which increases corrosion
rate, although it is still not clear why newly formed Cu,O is n-type.

Table 5.1 also indicates acceleration effect of UV on Cu corrosion. The AF on Cu corrosion is
about 2 when Cu is exposed to air without ozone at 90% RH. This is similar to the acceleration
effect of UV on Cu in the absence of ozone (6, 52). It suggests that newly formed Cu,O during
atmospheric corrosion of Cu is also an n-type semiconductor. Interaction between photons and
newly formed Cu,O generates extra anodic photocurrent and doubles the corrosion rate (52).

In the presence of ozone and UV radiation, atomic oxygen is generated by photolysis of ozone
(reaction 5.7).

O3+ hv (A<370nm) —> O+ O, [5.7]

Atomic oxygen is extremely aggressive and previous research has shown that atomic oxygen
could result in faster corrosion of Ag than ozone (1, 16, 53), especially at low RH. Therefore the
presence of the atomic oxygen could increase the acceleration effect of UV. However, this effect
is limited at high RH in the presence of NaCl contamination, because of the protection provided
by liquid NaCl solution formed due to deliquescence of NaCl (1). Such a liquid layer blocks
access of the atomic oxygen to the sample surface and reduces the acceleration effect of the
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atomic oxygen (1). This explains why AF on Cu exposed to ozone/nitrogen at 90% RH is almost
the same as Cu exposed to pure air.

Effect of RH

Figure 5.12 presents reduction charge of Cu exposed at different RH with 4ug/cm® NaCl and 250
ppb ozone. The corrosion rate of Cu increases as RH increases with or without UV illumination.
In a dry environment with RH close to zero, little moisture is present on the Cu surface. The
main corrosion mechanism is oxidation of Cu directly by ozone and oxygen. Since the naturally-
formed oxide layer is still protective, the corrosion behavior of Cu with NaCl at dry environment
is very similar to bare Cu. Therefore reduction charge of Cu in dry environment even with NaCl
was close to zero as was the case for bare Cu.
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Figure 5.12. Reduction charge of samples exposed to 250 ppb ozone and NaCl in air, with UV
radiation or in dark. Loading of NaCl was 4 ug/cm®. The dashed lines are extrapolations of the
lines from lower RH to facilitate the comparison with the increased charge at high RH.

As RH increases, the moisture layer thickness on Cu increases. At 60% RH, adsorption of water
can reach to about 5 monolayers, with properties similar to bulk water (54). Strandberg and
Johansson (23) suggested that part of the NaCl dissolves into the moisture layer so the air formed
oxide layer can be attacked by CI', which results in fast corrosion at 60% RH.
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Although water vapor pressure increases linearly as RH increases, the Cu corrosion rate
increases nonlinearly as Figure 5.12 shows. At high relative humidity environment, higher than
the critical relative humidity (CRH) for deliquescence of NaCl, 75%, NaCl starts to deliquesce
and eventually a bulk layer of sodium chloride solution is formed (55). At 90% RH, the
equilibrium NaCl concentration is about 2.7 M (25). Environmental SEM proves that all NaCl
particles are completely dissolved within a few minutes at this RH (1). The aqueous NaCl layer
also increases the area for cathodic reactions dramatically. Therefore at 90% RH, the dramatic
increase of surface ClI" and more catalytic surface for reduction of oxygen and ozone resulted in
the nonlinear acceleration effect of RH from 60% to 90% RH shown in Figure 5.12.

Figure 5.12also indicates that RH influences the effect of UV. At 60% RH, AF is 2.6, and it
decreases to 2.4 as RH increases to 90%. This is because the accelerating effect of UV on Cu
corrosion includes two mechanisms. The first one is the abovementioned anodic photocurrent
due to interaction between photon and cuprous oxide. The second one is generation of atomic
oxygen from photolysis of ozone. This effect will be largely limited at high RH as explained
before. Therefore the acceleration effect of UV decreases as RH increases.

The AF of UV on Cu exposed to 4 ug/cm” NaCl in Figure 5.12 is slightly higher than Cu
exposed to more NaCl listed in Table 5.1. It is very likely that surface coverage of NaCl is less

than 1 with only 4 ug/cm” NaCl. So atomic oxygen can still attack sample surface to accelerate
Cu corrosion, which enhances the acceleration effect of UV.

Formation mechanism of Cu,(OH);Cl

Oxidation of CuCl (reaction 5.8) is considered as an important pathway to form Cuy(OH);Cl (54,
56). Similarly, oxidation of CuCl, was also suggested (23) as shown in reaction 5.9.

4CuCl + 0, + 4H,0 ~ 2Cu,(OH);Cl + 2H" + 2CT [5.8]

3CuCly + 3/40, + 3/2H,0 ~> Cuy(OH);Cl + Cu®' + 5CT [5.9]

CuCl is not always reported as the Cu corrosion product even for Cu exposed in a marine
environment. CuCl is often absent after lab exposure with NaCl too, especially when ozone is
involved during exposure (20, 22-23). This suggests another pathway for formation of
Cuy(OH);Cl without formation of CuCl. Previous research indicates phase transformation of
cuprite powders into atacamite (an isomer of Cuy(OH);Cl) in the presence of NaCl in humid air
(24), as equation 5.10 depicits. Therefore direct oxidation of Cu,O by either oxygen or ozone
(equation 5.11) could be a possible alternative for formation of paratacamite during Cu
corrosion.

2Cu0 + O, +2CI" + 4H,0 > 2Cuy(OH);Cl + 20H [5.10]

4Cu,0 + 205 + 4C1 + 8H,0 " 4Cuy(OH);Cl + 40H + O, [5.11]

Free energies of formation of Cuy(OH);Cl (paratacamite), Cu,O, CI', H,O, O3 and OH- are —
319.8, -34.98, -31.4, -56.7, 34 and -37.6 kcal/mol respectively (56-57). So the Gibbs free energy
changes of reactions 9 and 10 are -355 and -778 kcal respectively. Therefore, these reactions are
both thermodynamically possible. This mechanism also results in a dramatic increase in volume
because the density of Cu,(OH);ClI is only 60% of the density of CuyO, while its molecular
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weight is also larger, which results in a loose attachment of Cuy(OH);Cl on Cu,O. It is very easy
to strip off the greenish species from the sample surface. Microscopically, it is often to find that
formation of Cuy(OH);Cl is associated with film rupture of CuyO, and the surface under
Cuy(OH);Cl usually looks like fresh Cu surface as Figure 5.13 shows. This also supports a
transformation from Cu,O to Cuy(OH);Cl.
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Figure 5.13. SEM image pictures of Cu exposed to 250 ppb ozone, 90%RH air, 16 pg/cm” NaCl
and UV for 22.5 h. a: as exposed; b and c: rinsed with before SEM.

According to reactions 5.10 and 5.11, not only ozone can increase formation rate of Cuy(OH);Cl
but also chloride. Even with ozone, no Cuy(OH);Cl formed during exposure with 8 pg/cm® or
less NaCl. Thus, it is likely that the kinetics of reactions 5.10 and 5.11 increase dramatically
when CI” concentration reaches some critical value. Although the nominal chloride concentration
depends on RH and not on NaCl loading, local concentration is possibly much higher than the
nominal value, e.g. at local anodes. So the formation of Cuy(OH);Cl only occurs at some
locations, which results in the scattered greenish spots over the sample surface.

Deposition rate of NaCl in the environment chamber

The accumulated amount of deposited NaCl per unit area in mg/cm’ is plotted in Figure 5.14.
When the bubbler beaker contained 5 wt% NaCl, the rate of NaCl accumulation, given by the
slope of the curve in Figure 5.14, decreased with time even though a continuous NaCl aerosol
was generated. Continuous bubbling in the solution for 96 h at 830 cc/min resulted in a decrease
in the volume of the solution by about 40 ml. This change in the conditions in the beaker resulted
in a decrease in NaCl deposition rate from 0.026 mg/cm>h at the beginning to 0.01mg/cm*h after
about 100 h.
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Figure 5.14. Accumulated deposition of NaCl vs deposition period for saturated and 5 wt% NaCl
solutions in the bubbler beaker.

When the bubbled beaker in the chamber contained saturated NaCl solution instead of 5 wt.%
NaCl, a lower rate of input flow A was needed to get a particular NaCl deposition rate. As a
result, the rate of decrease of solution volume in the beaker was lower. For a 15 cc/min flow, the
loss of the solution over the first 24 h was about 1 ml. Even though this change is very small, the
deposition rate still decreased during bubbling unless input flow B was added. With the addition
of the water-saturated air in flow B, the RH in the chamber was maintained at very close to
100%. This value is much higher than the equilibrium RH of saturated NaCl (75%), so the
saturated solution in the beaker absorbed water during bubbling. Because the saturated solution
contained excess NaCl, the solution remained at the saturation concentration during bubbling. As
long as enough water was absorbed to compensate for the loss due to bubbling, the volume of the
solution in the beaker stayed constant during bubbling. The decrease of volume in the saturated
solution was less than 0.4 ml after bubbling the saturated NaCl solution for 120 h, with flows A
and B of 15 and 436 cc/min, respectively. Figure 5.14 shows that the NaCl deposition rate under
these conditions was absolutely constant at 0.1 mg/cm*h. All the exposures of Cu mentioned in
this paper, except the SKP measurement, were performed with an NaCl deposition rate of 0.1
mg/cm*h. The deposition rate of NaCl associated with the most severe marine environment (e.g.
1S09223, S; category) is usually less than 0.00625 mg/cm*h (5). Therefore the NaCl deposition
rate in the lab chamber is more than an order of magnitude higher than the deposition rate in
severe field environments.

The deposition rate of NaCl can be changed by adjusting flow A or using a dispersion frit with
different efficiency. However, it would be necessary to adjust flow B as well to maintain a
constant deposition rate.
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The RH in this chamber has to be maintained higher than 75% so that the saturated NaCl
solution in the beaker continues to absorb water from the ambient atmosphere. It should be
possible to achieve an RH between 75% and 100% while maintaining a constant NaCl deposition
rate using an additional inlet of dry air, but this was not tried. Another limitation is that the NaCl
deposition rate depends on the distance from the frit bubbler. Therefore, for accurate comparison
of results, all samples must be exposed at the same location and they cannot be too big or else
non-uniform corrosion could occur.

Calibration of coulometric reduction technique

XRD analysis indicated that paratacamite and cuprite formed on Cu exposed with 350 ppm CO,
for longer than 15 h. Quantitative determination of the amounts of each was performed using
coulometric reduction. Figure 5.15a shows a typical reduction curve of Cu with paratacamite and
cuprite. Four regions can be discerned: -0.35 to -0.65 V, -0.65 to -0.8 V, a big plateau at - 0.8 V
and then hydrogen evolution at around -1.1 to -1.2 V. The first two regions do not have very well
defined plateaus but have very similar amounts of reduction charge. Before reduction, the
samples had greenish product interspersed on a reddish-brown corroded surface. The greenish
species disappeared at the end of the first two regions.

To identify the species corresponding to each reduction region, another sample exposed for 60 h
in the dark with similar amount of corrosion products was reduced in two steps, as shown in
Figure 5.15b. XRD analysis confirmed the presence of paratacamite and cuprite on the exposed
sample before reduction, as shown in Figure 5.15¢. Reduction of this sample was interrupted
after about 1600 s when the potential dropped to -0.8 V SCE. The partially reduced area (within
the o-ring) was still reddish-brown but was covered by some loose black powder instead of the
greenish species. The black powder was likely Cu from the reduction of corrosion products and it
was easily rinsed off with DI water after the sample was taken out of the cell. The unreduced
area (outside of the o-ring) was hand-polished with SiC paper carefully to remove the corrosion
products. XRD was then performed on the partially reduced product, and only cuprite was
identified on the sample (Figure 5.15c). This sample was then reassembled into the cell and
reduction was continued. Only one plateau at -0.8 V was observed, as shown in Figure 5.15b.
This experiment shows that the plateau at around -0.8 VSCE corresponds to reduction of cuprite
and the first two regions or plateaus are likely due to reduction of paratacamite.
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Figure 5.15. Analysis of Cu exposed to humid air, 0.1 mg/cm*h NaCl. a)reduction curve in 0.1 M

Na,CO; for sample exposed with UV b)reduction curve in 0.1 M Na,COj; for sample exposed in

dark ): XRD spectra of sample from b) before reduction and after reduction through the first two
plateaus only.

The reduction potential of Cuy0, -0.8 V SCE, is consistent with previously reported values of -
0.75 to -0.9 V SCE in KCI(45, 58), KOH(45) or Na;B4O7(59). There are few reports on the
coulometric reduction of Cuy(OH);Cl.Malvault et al. reported a peak reduction potential of
paratacamite by linear sweep voltammetry in 0.1 M Na,B4070f -0.61 V SCE(59), which is in the
range of the first two plateaus in Figure 5.15a. Interestingly, the first two plateaus have almost
the same amount of reduction charge. This suggests that reduction of paratacamite in Na,COs is
a two-step process.

The distinction between the first two regions becomes less apparent as the amount of corrosion
products decreases. Reduction curve B in Figure 5.16 shows reduction of Cu exposed in the
same environment as the one in Figure 5.15b but for a short time, 23 h, and then reduced in
Na,CO;. XRD analysis indicates the presence of cuprite and paratacamite after exposure as well.
This reduction curve can be divided into two regions with a flat plateau for reduction of Cu,0O in
region II. Here, region I corresponds to the reduction of paratacamite. Although there is no clear
distinction of two reduction plateaus in region I, its shape is similar to the overall shape of the
first two plateaus in Figures 5.15a and 5.15b.
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Figure 5.16. Reduction curve of two samples exposed to 100% RH humid air, 0.1 mg/cm’h
NaCl for 23 h. A: reduced in 0.1 M KClI with -0.05 mA/cm?; B: reduced in 0.1 M Na,CO;
with -0.05 mA/cm’.

Curve A in Figure 5.16 is for another sample that was exposed to the same environment but
reduced in 0.1 M KCI as suggested by ASTM B825 (33). It is quite different, with only one
broad plateau ranging from -0.6 to -0.8 V so that the reduction of paratacamite and cuprite
cannot be clearly differentiated. This is the same as reduction of tenorite and cuprite, which
cannot be differentiated in neutral KCIl but can be in alkaline solution, e.g. 1 M KOH (41, 45).
Copper hydroxyl oxides (Cuy(OH);Cl and Cu(OH)CI) are only stable at around pH 3.5 to 5.5 (7,
60), while Cu,0 is more stable in neutral to alkaline environments. 0.1 M Na,COs is basic with a
pH of 11.5, which resulted in different reduction potentials for paratacamite and cuprite. A
clearer distinction between the hydrogen evolution reaction (HER) and reduction of corrosion
products was also found in Na,COj; than in KCI. This increases the accuracy of quantification of
corrosion products with the coulometric reduction technique. Therefore reduction of Cu
corrosion products in Na,COjs solution rather than KCl is recommended.

Identification and quantification of corrosion products

Table 5.2 lists corrosion products of Cu exposed to humid air with an NaCl deposition rate of 0.1
mg/cm’h as determined by XRD. Similar to field-exposed Cu, the initial corrosion product
identified by XRD was cuprite and then paratacamite formed later. For Cu exposed less than 4 h,
there was insufficient corrosion product to be detected by XRD, but the reduction curve confirms
the presence of cuprite after exposure as Figure 5.17 indicates. Besides reduction of cuprite, it
also shows a reduction plateau around -0.6 to -0.7 V. This is probably due to reduction of trace
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cupric compounds, although XRD could not identify the presence of a cupric compound after
exposure.

Table 5.2. Corrosion products of Cu exposed to 0.1 mg/cm*h NaCl and humid air

Exposure duration, h Corrosion products identified by XRD
1to4 N/A
8to 15 Cu,O
>15 Cu,0 and Cu,(OH);Cl

As the NaCl deposition rate increases in a marine environment, e.g. by wave splashing,
paratacamite formation becomes much faster. Detection of Cuy(OH);Cl by XRD was reported
after one month exposure (10), while it usually could take several months up to years before
Cuy(OH)3Cl is detected by XRD under normal NaCl deposition conditions(6). A typical
deposition rate of NaCl in a marine environment without splash or spray is less than 0.00625
mg/cm’h (5), which is much less than the deposition rate during most lab exposures. In this
work, detection of paratacamite by XRD on Cu exposed for only 15 h with an NaCl deposition of
0.1 mg/cm*h clearly indicates that formation of paratacamite can be dramatically accelerated by
increasing the NaCl deposition rate.
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Figure 5.17. Cu exposed to humid air with 0.1 mg/cm’h NaCl for 3 h. Solid line: Reduction
curve. Dashed line: Derivative of the reduction curve. Note that cupric here represents cupric
compounds such as paratacamite or atacamite.

An equivalent weight loss of Cu can be calculated from reduction curves by the following
equation:

_10000x (Qc +0.5x Op)x M
F

w

[5.12]

where W is total weight loss in g/m* Qc is reduction charge corresponding to reduction of
cuprite in C/cm®, Qp is reduction charge corresponding to reduction of paratacamite in C/cm?, M
is molecular weight of Cu, 64 g/mol, and F is the Faraday constant, 96500 C/mol.

The approach used for determination of Qc and Qp is described in Figure 5.17. The length of
each plateau is determined by local minima of the derivative of the reduction curve (58).
Although no paratacamite was detected by XRD for samples exposed less than 15 h, the
reduction charge above the cuprite reduction plateau can still be assigned to Qp, since it was due
to reduction of Cu®" ions. Besides the calculation of total Cu weight loss, the weight loss due to
formation of cuprite or paratacamite can be calculated separately with equations 5.13 and 5.14,
respectively:

WC=IOOOOchxM (5.13]
F
Wp = 10000x Opx M (5.14]

2xF
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where Wc is weight loss due to formation of cuprite and Wp is weight loss due to formation of
paratacamite in g/m’.

Figure 5.18a summarizes weight loss data of Cu exposed to humid air with 0.1 mg/cm*h NaCl
deposition rate up to 80 h with UV or in a dark environment. Figure 5.18b presents the derivative
of each curve in Figure 5.18a, showing the formation rates of cuprite and paratacamite and the
total corrosion rate of Cu. Generally, the formation of cuprite was much faster than paratacamite
and it has the most dominant influence on the Cu corrosion rate. At the beginning, only part of
the Cu surface was covered with NaCl droplets. The covered area kept increasing during
exposure until the whole sample surface was fully covered with NaCl solution after about 12 h.
During this period, the formation rate of cuprite and total corrosion rate were relatively low but
kept increasing, while the formation rate of paratacamite stayed close to zero. After the surface
was completely covered with NaCl solution, the cuprite and paratacamite formation rates, and
thus the Cu corrosion rate, all increased significantly, which was likely due to continuous
increase of NaCl loading. Eventually, the rates all became relatively stable. A constant Cu
corrosion rate has been found previously for lab exposure of Cu in mixed flowing gas and field
exposure of Cu for three years (11, 61). The corrosion rate of Cu and formation of Cu,O are both
constant when the corrosion product layer is not thick enough. After exposure of Cu in the field
for a few tens of years, when the corrosion product layer is thicker than 10 pm, the corrosion
products become protective and corrosion rate decreases (7). Therefore, a decrease of the Cu
corrosion rate is very likely if the Cu is exposed in the lab chamber for a longer period.
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Figure 5.18. a)Weight loss and loss in thickness of Cu exposed to humid air and 0.1 mg/cm’h
NacCl, with UV (solid lines) or in dark (dashed lines). b)formation rate of cuprite and
paratacamite and corrosion rate of Cu, derivative of data showed in Figure 5.18a.

It is very clear that addition of UV illumination accelerates Cu corrosion significantly, which is
mainly because the formation rate of cuprite is accelerated by UV illumination by about a factor
of 2 during the whole exposure from 4 to 60 h. The formation rate of paratacamite is just slightly
higher than in the dark. The acceleration effect of UV reported in Figure 5.18 is very similar to
the previously reported effect of H,S/UV on Cu corrosion(17).

Naturally formed cuprous oxide is a p-type semiconductor with a band gap of 2.4 eV(51). UV
photons (A <370 nm, E > 3.4 eV) have enough energy to generate electron-hole pairs. This only
leads to cathodic photocurrent, which reduces the passive current and increases the corrosion
resistance (2). N-type cuprite with a similar band gap of 2 eV usually forms in slightly acidic to
alkaline solution during corrosion, which can lead to anodic photocurrent and increase the
corrosion rate (18, 62-63). Therefore, because Figure 5.18 clearly shows the acceleration effect
of UV, it is likely that n-type cuprite formed during exposure of Cu in humid air and was more
dominant than p-type cuprite.

With the presence of n-type cuprite on the anodic area of Cu, an ohmic junction and Schottky
barrier format local anodes, as shown schematically in Figure 5.19, which is similar to the model
suggested by Gerischer (3) and Burleigh (2, 64) on metals with n-type oxide under anodic
polarization. Once a photon with energy larger than band gap hits cuprite, especially on the local
anode area, a hole-electron pair forms (equation 5.15). Electrons can drift back to the Cu
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substrate, assuming the ohmic resistance is negligible, and migrate to cathodic areas to support
reduction of oxygen (equation 5.16), while holes move towards the surface.

Cu | n-typecuprite | Electrolyte
. B X
[ R N - E fermi
gaRes A
R (SRS S G D a
Fisibfiase VB bRk
Ohmic Schottky

Figure 5.19. Schematic illustration of the interaction between photons and n-type cuprite. CB:
conduction band; VB: valence band, modeled after (2-3).

Three possible pathways are proposed. First, Cu” is oxidized to Cu®" (equation 5.17). Then a
reverse disproportionation reaction of cupric and metallic Cu to generate cuprous ions occurs as
equation 5.18 suggests. This is similar to reverse disproportionation of Cus(SO4)(OH)s and
metallic Cu proposed previously for formation of cuprite in the presence of ammonium sulfate
(65). Equation 5.19 is the overall reaction of the first pathway. Cu(OH) as an intermediate
decomposes to form cuprite rapidly according to equation 5.20 (18).

4Cu0 + 4 hv™ > 4Cu,0 + 4e” + 4p” [5.15]

0, +2H,0 +4e— > 40H [5.16]

4Cu” +4p™ > 4Cu* [5.17]

ACu*" +4Cu— 8Cu’ [5.18]

0, + 2H,0 + 4Cu + 4hv—> 4Cu(OH) [5.19]
2Cu(OH) ™ Cu,0 + H,0 [5.20]
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The other two possible routes are formation of oxygen atoms instead of cupric ions by holes with
O” in Cu,O (equation 5.21) or by holes with OH™ (equation 5.22):

O"+2p'— > O [5.21]
20H +2p— > O+H,0 [5.22]

Gerischer suggests formation of O, by a series of reactions between O*” and photons resulting in
dissolution of Zn into ambient solution under UV illumination(3). Since the formation rate of
Cuy0 increases under UV illumination, it is more likely that atomic O (from equation 5.21 or
5.22) diffuses through oxygen vacancies towards the Cu/oxide interface and then react with Cu
to form oxide. In this situation, the overall reactions are equations 5.23 and 5.24, corresponding
to 5.21 and 5.22 respectively.

0, + 2H,0 + 20* +4Cu + 4hv—> 2Cu,0 +40H [5.23]

0, + 4Cu + 4" 2Cu,0 [5.24]

Reaction 5.23 can generate oxygen vacancies, which is consistent with characterization of n-type
semiconductors.

The proposed reaction paths all indicate that photons have very little effect on the formation of
cupric ions, although the first pathway might generate some less dominant cupric ions because
reaction 5.18 is very likely a slow step. This is supported by the small increase of Wp with UV
illumination compared to Cu exposed in dark, as Figure 5.18 shows. This increase is probably
because of unreacted cupric ions converting to Cu(OH),, CuO or some precursor of
paratacamite. Actually, a greenish species started to appear after Cu was exposed to UV for 6 h
in the environment chamber with constant deposition of NaCl, about two hours earlier than Cu
exposed in dark. The greenish species is likely paratacamite, although XRD could not identify it.

Effect of CO; on Cu corrosion with NaCl

The corrosion behavior of Cu exposed with low CO, (< lppm) is different than that of Cu
exposed with 350 ppm, which is close to the ambient concentration of CO; in the air. Cu exposed
to a low CO; atmosphere exhibited a black surface covered with white salt. In contrast, Cu
exposed to high CO, had a reddish-brown surface with greenish paratacamite interspersed, which
is similar to what forms on Cu exposed in the field (6). The black color is due to the presence of
black compound tenorite (CuO), which became detectable by XRD on Cu exposed longer than
20 h with low CO,. However no paratacamite or other cupric compound was identified by XRD.
SEM images of these two samples are also quite different as Figure 5.20 indicates. The corrosion
product on Cu exposed with low CO, was more compact than that formed on Cu exposed with
high CO,, although it still had some fine porosity, Figures 5.20a and 5.20b. Cu exposed with
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high CO; had a much less dense product layer covered with paratacamite flakes as Figures 5.20c
and 5.20d indicate.

Figure 5.21is a typical reduction curve of Cu exposed with low CO,. In contrast to the curve for
Cu exposed to high CO; in Figure 5.16, the reduction plateau of cuprite at -0.8 V SCE was
relatively small. A broad plateau from -0.7 to -0.76 V is due to reduction of tenorite, as it has
been shown that reduction of tenorite occurs at a more positive potential than reduction of
cuprite in alkaline solution (45). The part of the curve above the tenorite reduction plateau was
always very small and might due to reduction of some other trace cupric compounds. The
amounts of Cu,O and CuO formed during exposure with low CO, can still be quantified with
equations 5.13 and 5.14 separately by their reduction charges.

The equivalent weight loss and corrosion rate of Cu exposed to high and low CO, is compared in
Figure 5.22. Generally, the corrosion rate of Cu exposed to low CO, (<1 ppm) was relatively
constant with time in contrast to the behavior of Cu exposed to high CO, (350 ppm). It is
interesting to notice that during the first 5 h, Cu exposed to low CO, corroded faster than Cu
exposed to high CO,. This is similar to exposure of Cu with NaCl particles. With low NaCl
loading, Cu corroded faster with low CO; (< 5ppm), while at high NaCl loading, Cu corroded
faster with high CO, (350 ppm) (21, 29). This was attributed to the fact that NaCl droplets are
more spread out with low CO; (21, 29). So during the first 5 h, before the Cu surface is
completely covered with NaCl droplets, samples exposed to low CO, had higher surface
coverage of NaCl solution for the same loading of NaCl. This explains why Cu corroded faster
with low CO, during the first 5 h. For Cu exposed longer than 5 h, the corrosion rate of Cu
exposed to low CO; became slower than for Cu exposed to high CO,.

AccV SpotMagn Det WD F————————— 100 m AccV SpotMagn Det WD F——————— 2um
125kV 40 218x  SE 6.1 125kV 4.0 10380x TLD 58
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Figure 5.20. SEM images of Cu exposed to low and high CO,. a)and b)Cu exposed to humid air
with less than 1 ppm CO, and 0.1 mg/cm*h NaCl for 58.5 h. Broken film in figure 5.20b is
remaining NaCl as confirmed by EDS. c)and d)Cu exposed to humid air with 350 ppm CO, and
0.1 mg/cm’h NaCl for 60.5 h. Flakes in d) are paratacamite as confirmed by EDS.

E vs SCE, V

-1.2

0 300 600 900
Reduction charge, mClcm?

Figure 5.21. Reduction curve of Cu exposed to humid air with less than 1 ppm CO, and 0.1
mg/cm*h NaCl for 23.5 h. Cu was reduced in 0.1 M Na,COs.
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Figure 5.22. Effect of CO; concentration on Cu corrosion. a)equivalent weight loss of Cu
exposed to humid air with 350 ppm or < 1 ppm CO,. NaCl deposition rate is 0.1 mg/cm’h.
Subscript L and solid lines are Cu exposed to < 1 ppm CO,. Subscript H and dashed lines are Cu
exposed to 350 ppm CO,. For Cu exposed to < 1 ppm CO,, Wp is weight loss due to formation of
tenorite instead of paratacamite. b)formation rate of cuprite and paratacamite and corrosion rate
of Cu, derivative of data showed in a).
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Since no Cuy(OH);Cl formed during exposure of Cu to low CO, the actual loading of NaCl on
Cu was actually more than for Cu exposed to low CO; than to high CO,. This is supported by the
observation that samples exposed to low CO, had much more white NaCl remaining on the
surface than samples exposed to high CO; after they were taken out of the chamber and dried.
However, even with more NaCl, the corrosion rate of Cu exposed to low CO; was still much less
than for the Cu exposed to high CO,. This is mainly due to the presence of CuO, which can
provide a high degree of corrosion protection. It has been shown that the initially formed Cu,O
has a porous structure (66). CuO forms in the Cu,O pores to block them and increase corrosion
resistance (66-68). Figures 5.20a and b confirm the relatively compact surface morphology of Cu
exposed with low CO,. With high CO,, paratacamite was the main cupric compound instead of
tenorite. Most of the paratacamite was just flakes loosely attached to sample surface as Figure
5.20d shows. These flakes were not as protective as the compact oxide layer formed in low CO,
environment. On the other hand, after 10 h exposure, almost the whole sample surface was
covered with NaCl droplets, so there was no surface coverage difference between Cu exposed to
low CO; and high CO,. Therefore after 5 h exposure, before the whole surface was covered with
NaCl solution, the corrosion rate of Cu in low CO, was slower than Cu exposed to high CO,.

pH has a strong influence on the formation or stability of Cu,O, CuO and Cuy(OH);Cl. Cu,O
forms at pH > 4, while formation of CuO occurs at pH>6.7(68). Cuy(OH);Cl is stable between
pH 3.8 to 5.5 (7, 60). Using software from OLI Systems Inc., the equilibrium pH of water with
350 ppm CO; was calculated to be about 5.7 but as the CO,concentration drops to less than 1
ppm, the pH increases above 6.8. So with low CO, CuO is the dominant cupric corrosion
product. This also explains why CuO is not the dominant cupric compound in the field because
the CO; concentration in the ambient atmosphere is about 300 to 600 ppm (69). With high CO,,
the formation of Cu,(OH);Cl is likely to occur at local anode areas where local pH is lower than
the bulk aqueous layer. That is probably why dispersed Cu,(OH);Cl appeared after relative short
term exposure.

Morphology and localized corrosion of exposed Cu

The surfaces of samples exposed to 350 ppm CO, for less than 12 h had significant circular
features with a diameter of a few hundred micrometers as Figures 5.23a and b show, which
suggests a strong effect of the initial droplets formed by the deposited NaCl solution aerosol. For
samples exposed longer, the circular features become less evident and the sample surface was
much more uniform. However, after corrosion products were dissolved in strong acid, circular
features were the dominant feature on the metallic substrate. As shown in Figures 5.23 d-f, attack
was localized in the form of small pits at the periphery of circles with similar size as the circular
features that appeared after exposure. This morphology was even observed for samples exposed
for relatively long times and did not have circular features in the corrosion product layer.

Although some pits were occasionally present at the center of a circle, these peripheral pits
suggest that oxidation of Cu primarily occurred around the edge of the initially-formed droplets.
The mechanism of formation of these pits is not known. However, it is completely different than
the classical Evans droplet model on steel, where oxidation of iron occurs under the center of a
droplet of 0.1 M NaCl as an anode and reduction of oxygen occurs under the edge as a cathode
because oxygen is more available at the edge of droplet (70). For Cu exposed to less than 1 ppm
CO,, the circular features were less significant. More pits were found close to centers of droplets.
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This suggests that a stronger secondary spreading of droplets with low CO, (21, 29) can impede
formation of the circular features.

200 wm
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Figure 5.23. Images of Cu exposed to humid air (350 ppm CO») and 0.1 mg/cm’h in dark. a), b)

and c) are samples after exposure. d), €) and f) are exposed samples after soaked in 6.5 M HCl

for 5 min and 1 min in 1 M H,SO4 to remove corrosion products. a)and d) are samples exposed
for 4h; b) and e) are 12 h; ¢) and f) are samples exposed for 23.5 h.

Figure 5.24a presents Volta potential profiles from SKP measured across the surface of Cu
exposed with a single saturated NaCl droplet in 98% RH, which simulates the exposure
conditions in the home-built chamber. At the beginning, the potential under the droplet was
much lower than the surrounding area and a dramatic potential change occurred right outside of
the edge of the droplet. This is the same as previous results on Cu with single NaCl droplet in
85% RH (29), which suggests a thin electrolyte layer surrounding the droplet. Reduction of
oxygen is likely to occur within this thin electrolyte area. Probably because of the formation of
insoluble cuprite and the thin electrolyte layer, a large ohmic potential drop is generated between
the anode and cathode. Therefore, oxidation of Cu takes place very close to the cathode, at the

outer periphery of the droplet. This may explain why small pits formed around the periphery of
the droplet.
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Figure 5.24. a)profiles of Cu with one droplet of saturated NaCl in 98% RH for 1 h, 23 h and 69
h respectively. Dashed line: geometrical profile of the droplet. Solid line: Volta potential.
b)morphology of the same Cu sample after 72 h exposure and remove corrosion product by
strong acid.

In the 98% RH SKP chamber, the NaCl-saturated droplet kept absorbing water and growing
during the measurement. However, the low potential region was always observed around the
edge of the droplet. The topography of the sample after exposure for 72 h and removal of the
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corrosion product shows a sequence of circular rings of pits that probably formed as the droplet
grew, Figure 5.24b. The eventual increase of potential under the droplet is probably due to
formation of paratacamite and depletion of NaCl, which results in an inactive region.

The maximum pit depth from optical profilometry and equivalent weight loss calculated from
reduction charge of Cu exposed to different environments are presented in Figure 5.25.
Generally, at the beginning, the pit depth increased much faster than weight loss, and then it
slowed down. This suggests that corrosion of Cu with constant deposition was more localized at
the beginning and then became more uniform.

The maximum pit depth of Cu exposed to UV is about three times that of Cu exposed in dark
environment as Figure 5.25 shows. This is consistent with the explanation given above, that extra
anodic photocurrent is generated due to interaction between UV photons and local anodes. For
Cu exposed with low CO,, localized corrosion is more severe than Cu exposed with high CO,,
although its total corrosion rate is lower. This again supports that the notion that corrosion
products formed in low CO; environment are more protective.
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Figure 5.25. Maximum pit depth and equivalent weight loss of Cu exposed in various
environments.

5.7 Economic Summary

Cu is used widely in industrial and consumer products. All of these applications find use in the
DoD. This project was initiated before a focus on economic considerations was made in the
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TCC. However, it is expected that a reduction in the extent of Cu corrosion that would be
possible through an improved understanding of the Cu atmospheric corrosion mechanisms would
be considerable.

5.8 Implementation

There are no plans to implement any of the findings in a product or standard. However, the
developed constant rate chloride deposition scheme will certainly find use in accelerated test
programs.

5.9 Conclusions

A new environment chamber with constant deposition of NaCl was designed and used for
laboratory exposure of Cu. The initial stage of atmospheric corrosion behavior of Cu exposed to
ozone, UV and NaCl and corrosion behavior of Cu with UV and CO, under constant deposition
of NaCl were studied. The following can be concluded:

* Due to protection of naturally-formed copper oxide, bare Cu corrodes extremely slowly
with high ozone and UV illumination, even slower than Ag.

* With the addition of a trace amount of NaCl, corrosion of Cu becomes much more severe
because of breakdown of the naturally-formed oxide by chloride.

e UV has significant acceleration effect on Cu corrosion. The anodic current generated by
interaction between photons and n-type Cu,O is the dominant mechanism regardless of
RH. When NaCl on Cu surface does not deliquesce, atomic oxygen generated by photolysis
of ozone also accelerates corrosion. Therefore the acceleration effect of UV is more
significant at low RH.

 With enough loading of NaCl (>16pug/cm?) and 250 ppb ozone, formation of Cu,(OH);Cl
can occur within a short exposure time, i.e. 22.5 h. Oxidation of Cu,O to form Cu,(OH);Cl
by oxygen and ozone is a possible reaction pathway, which is thermodynamically possible.
SEM images also indicate a conversion from Cu,O to Cuy(OH);Cl.

* The features in Cu coulometric reduction curves were associated with different corrosion
products, allowing the coulometric reduction method to be used for quantification of the
different products.

e With 350 ppm CO,, paratacamite and cuprite are the dominant corrosion products like Cu
exposed in the field. When CO; drops to less than 1 ppm, which increases pH of aqueous
layer on Cu, tenorite and cuprite are dominant. Corrosion products formed in low CO, are
much more dense and protective than corrosion products formed in high CO,. Therefore,
CO; is very aggressive for Cu corrosion.

* UV has a strong acceleration effect on formation of cuprite due to interactions between UV
photons and cuprite but UV has little effect on the formation of paratacamite.

* In various environments with UV illumination or different concentration of CO;, during the
beginning of exposure, localized corrosion is always dominant, but uniform corrosion
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becomes dominant after exposure of approximately 20 to 30 h. Therefore, localized
corrosion is not a severe concern for long term exposure of Cu in these environments.
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Task 6: A Simultaneous In Situ Kelvin Probe and Raman Spectroscopy
Analysis of Electrode Potentials and Molecular Structures at Polymer
Covered Salt Layers on Steel

6.1 Summary

A probe head for Raman spectroscopy was installed in the sample chamber of a height-regulated
Kelvin Probe (KP) in order to focus a laser beam on polymer coated steel samples directly
beneath the KP needle and to detect light scattered at the sample surface. This allowed a
simultaneous analysis of the polymer/metal interface structure based on Raman spectra and on
Volta potential studies performed by the Kelvin Probe during sample exposure in humid and dry
air. The interface sensitivity of the assembled setup was demonstrated with the detected sulfate
signatures in Raman spectra recorded from Na,SOj, particles precipitated at the buried
polymer/steel interface. The observed spectral changes were compared to KP data of potential
shifts induced by structural rearrangement processes during drying and humidification of the
interfacial region. To track the lifting and descent of the polymer layer, the distance between
Kelvin Probe needle and polymer surface was monitored in parallel to the KP potential. These
data reveal that spectral alterations, potential shifts and distance changes occurred with varying
sequence, but were clearly interrelated. The combined KP-Raman spectroscopy approach
consequently provides spectroelectrochemical information that is not available from each
technique separately and that will be helpful for more detailed interface studies in the future.

6.2 List of Figures and Tables

Figure 6.1 Schematic illustration of sample composition and geometric arrangement of laser
beam and Kelvin Probe needle for the combined KP-Raman spectroscopy
approach.’’

Figure 6.2 Raman spectra of the O-H- and C-Hi-stretching regions recorded on a sodium
sulfate covered and subsequently PVB-coated steel sheet.

Figure 6.3 Water uptake study performed on a Na,SO, covered and subsequently PVB-coated
steel sheet.

Figure 6.4 Na,SO; Raman spectrum recorded during the first 200 s of the experiment
presented in Fig. 6.3.

Figure 6.5 Na,SO4 Raman spectra recorded during the experiment presented in Fig. 6.3.
Figure 6.6 Na,SO, Raman spectra recorded during the experiment presented in Fig. 6.3.

Figure 6.7 Water uptake study performed on a Na,SO4 covered and subsequently PVB-coated
steel sheet.

Figure 6.8 Na,SO4 Raman spectra recorded during the experiment presented in Fig. 6.7.

Figure 6.9 Drying study performed on a Na,SO4 covered and subsequently PVB-coated steel
sheet.
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Figure 6.10 Na,SO4 Raman spectra recorded during the experiment presented in Fig. 6.9.
Figure 6.11 Na,SO,4 Raman spectra recorded during the experiment presented in Fig. 6.9.
Figure 6.12 Na,SO,4 Raman spectra recorded during the experiment presented in Fig. 6.9.

Figure 6.13 Drying study performed on a Na,SO4 covered and subsequently PVB-coated steel
sheet.

Figure 6.14 Na,SO,; Raman spectra recorded during the experiment presented in Fig. 6.13.

6.3 Introduction and Background

The stability of polymer/oxide/metal interfaces is often determined by their resistance to
interfacial incorporation of water and hydrated ions. Water diffusion and ion transport via free
volume or directly through the polymer matrix is dependent on the macromolecular network
structure as well as on the presence of pores and defects in the organic film. Water uptake results
in a change of the viscoelastic properties of the polymer, in its plasticization and the substitution
of electrostatic forces between the coating and the substrate surface by adsorbed water
molecules.'> De-adhesion processes are strongly enhanced if salt particles are present at the
polymer/oxide/metal interface. Ions such as chloride will promote the dissolution of the substrate
material including iron. Even if these species do not directly take part in degradation processes,
their hygroscopic properties will support the formation of electrolyte droplets at the interface,
which often results in osmotic blistering of the organic coating.’ '

De la Fuente et al. investigated such processes electrochemically with the Kelvin Probe (KP).°
The authors analyzed polymer/steel interfaces that were contaminated with sub-microscopic salt
particles utilizing the KP as a non-destructive method for the analysis of Volta potentials on
conductive samples and at buried interfaces.'''® The KP metallic needle, the sample surface
directly beneath and the air between both needle and substrate form a parallel-plate capacitor.
Structural rearrangement processes at the sample cause an adjustment of the capacitance, which
can be translated into changes of the Volta potential and subsequently referenced to the standard
hydrogen electrode after calibration. If equipped with a height-regulation circuit, Kelvin Probes
can constantly monitor the distance between the KP needle and substrate surface in parallel to
the Volta potential measurement.'”>*

Kelvin probes have previously been successfully coupled with other methods for sophisticated
surface and interface analysis. For example, combinations of the KP with infrared
spectroscopy,”*® scanning electrochemical microscopy”® and the blister test***** have been
reported. Recently, a combined Kelvin Probe-Raman spectroscopy approach was introduced
allowing simultaneous detection of electrode potentials and Raman spectra for a localized in-situ
investigation of the properties of oxide covered metal substrates exposed to different
atmospheres.’” In this approach a 532 nm laser beam was focused beneath the KP needle by a
two-channel excitation and detection probe head for Raman spectroscopy. Light scattered at the
sample surface was detected and sent to an external detector system via fiber optics for analysis.
It was shown that both methods can be operated independently of each other if it is ensured that
the laser does not hit the KP needle.’® Generally, experimental setups for localized spectro-
electrochemical in-situ analysis of processes that occur at buried polymer/oxide/metal interfaces
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are rare. The present publication consequently focuses on the introduction of such an
experimental approach.

Polymer-coated steel was selected to check the interface sensitivity of the combined KP-Raman
spectroscopy assembly and sulfate species at the buried interface were investigated based on
vibrational spectra recorded during sample exposure in humid and dry air. Spectral alterations,
potential shifts and changes of the topography of the polymer surface were continuously
monitored. The experiments show that both KP potential transients and Raman spectra recorded
on these substrates provide valuable complementary data that enable sophisticated investigation
of polymer/metal interfaces.

6.4 Lessons Learned

We have learned that a combined Kelvin probe-Raman spectroscopy approach of buried PVB/
Na,SOu/steel interfaces can provide complementary information about changes in the polymeric
layer as well as from the salt solvation. For instance, we have learned that an increase in
atmospheric humidity results in a decrease of the Volta potential and attenuation of Raman peak
intensities induced by gradual changes in thickness of the PVB layer and solvation of sulfate salt
particles, respectively, which confirmed a reduction of interface stability. Conversely, an
increase of the Volta potential following drying indicated a stabilization of the interface, which,
however, was not observed until de-solvation of sodium sulfate initiated. Overall, we have
learned that, in addition to established surface analysis methods, an in-situ simultaneous KP-
Raman approach can help in further understanding the complexity of structural rearrangements
processes at buried polymer/metal interfaces.

6.5 Experimental
Sample preparation

As-received 1018 steel sheets (1388K15, McMaster-Carr) ASTM A36 specifications were
cleaned by ultrasonication in acetone. Na,SOj4 crystals were precipitated on the steel surface
from saturated aqueous sodium sulfate solution. The samples were subsequently bar-coated with
a 15 % solution of poly(vinyl butyral-co-vinyl alcohol-co-vinyl acetate) (PVB, Sigma Aldrich) in
methanol. PVB had an average molecular mass of 70,000—-100,000 g/mol, a glass transition
temperature of 72—78 °C and was composed of 0—1.5 wt. % acetate, 18—-20 wt. % hydroxyl and
80 wt. % vinyl butyral. The samples were dried overnight at 40 °C in flowing dry nitrogen. This
resulted in a 70-90 um thick polymer layer which was investigated by an Elcometer 456
(Elcometer, USA) thickness measurement device. All used chemicals were of analytical grade.
The PVB-coated substrates were subsequently exposed to dry (< 5 % RH) or humid air (> 85 %
RH) inside the KP sample chamber.

Raman/Kelvin Probe Setup

Kelvin probe measurements were performed with a passively height-regulated, custom-made KP
apparatus. Details about the hardware and the circuitry of the electronic devices are presented
elsewhere.”* The distance between the 500 pm diameter KP needle and the sample surface was
continuously monitored and the height of the KP needle was adjustable by a manually operated
micrometer screw. All KP experiments were point measurements and performed at ambient
temperature. Volta potential changes detected by the KP were converted to the standard
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hydrogen electrode (SHE) scale after calibration against Cu/CuSO,.**>**" The KP sample
chamber was continuously purged with air of different relative humidity (RH).

For the Raman spectroscopy measurements, a 532 nm continuous-wave, diode-pumped laser
(Millenium II, Spectra-Physics, USA) was operated with an output energy of 200 mW. The laser
light was sent to the KP chamber via fiber optics and focused on the sample by a RamanProbe™
(RPS532-12-15, InPhotonics, USA). The probe head was mounted to a xyz translation stage
(Thorlabs, USA) that was manually adjusted. Details of the combined KP-Raman spectroscopy
setup are given in Fig. 6.1 and further described elsewhere.’® Laser light with a power of
100 mW was incident on the sample at an angle of ~ 50° from surface normal, with a focal
length of 7.5 mm, and a beam diameter of 150 um at the focal spot. Light scattered from the
substrate surface was collected by the Raman probe head, sent via a fiber optic to a
monochromator (SpectraPro 500i, Princeton Instruments, USA) equipped with a 1200
groove/mm grating, and detected by a back-illuminated liquid nitrogen cooled deep depletion
CCD (1340/400-EB, Roper Scientific, USA). The detector was calibrated versus the 436.833 nm
emission line from a fluorescent lamp and fine calibration was completed using the Raman
spectrum of solid crystalline powder naphthalene (purity: > 99 %, Sigma Aldrich, USA). Data
were processed with SpectraSense software (version 4.33, Princeton Instruments). The
monochromator entrance slit width was 100 um, the spectral resolution was approximately 4 cm’
! and data were continuously acquired during a series of sequentially recorded spectra; the data
acquisition time for all spectra was either 200 or 240 s. Visual inspection of the sample surface
revealed that no laser-induced macroscopic degradation artifacts such as burn spots formed
during experiments.

to detector U,
( Kelvin
Probe
needle L @y
A‘Ps;gple
scattered X ¥
photons
» «
\ N 4 PVB layer

Na,SO, particles

Figure 6.1. Schematic illustration of sample composition and geometric arrangement of laser
beam and Kelvin probe needle for the combined KP-Raman spectroscopy approach.”® AW’¢

sample
refers to the Volta potential difference between sample and needle (‘reference’) that is detected
by the Kelvin probe.
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6.6 Results and Discussion
Evaluation of the Interface Sensitivity of the Kelvin Probe-Raman Spectroscopy Approach

Initial experiments were performed to gauge whether a combined Kelvin probe-Raman
spectroscopy analysis is suitable for investigations of structural and electrochemical
rearrangement processes at buried interfaces. Therefore, Na,SO4 salt crystals were precipitated
on a steel sheet and subsequently covered by a layer of PVB. The Raman laser was focused on
the sample surface beneath the KP needle (Fig. 6.1).° Previously it was demonstrated that
hematite signatures of iron oxide structures on steel were easily identifiable applying this
geometric arrangement.”’ To evaluate whether it is also appropriate for analysis of polymer
layers in the presence of the KP probe head and Kelvin Probe needle, Raman spectra in the C-Hy
stretching and water O-H stretching region were recorded. Fig. 6.2a shows a typical spectrum
collected after a PVB-coated steel sample was exposed to dry air for several hours. Two
characteristic symmetric stretching vibrational peaks of the PVB hydrocarbon backbone are
clearly visible at 2870 and 2915 cm™, respectively, and there is no evidence of spectral
distortions typically detected when the incoming Raman excitation beam hit the KP needle.*
Fig. 6.2a indicates only slight retention of methanol molecules from the solvent liquid in the
polymer after curing and only marginal incorporation of water into the macromolecular polymer
structure in dry air, because the intensity of the O-H vibration peaks above 3100 cm™ is low.”
Therefore, additional swelling of the polymer layer should occur in at high RH. Fig. 6.2b shows
that the PVB coating soaks up water in humid air even when it is simultaneously exposed to the
Raman laser. Water uptake is confirmed by the broad O-H vibrational band present between
3100 cm™ and 3630 cm™ typical of liquid water.”>>® The peak at approximately 3260 cm™ is
generally attributed to O-H stretching from strongly hydrogen bound four-coordinated water
molecules, whereas the peak centered at 3440 cm™ is usually assigned to weaker O-H
stretches.™° However, water signatures do not allow unambiguous differentiation between
structural rearrangements that occur within the polymer bulk and at the PVB/Na,SOu/steel-
interface. In order to sufficiently probe structural changes at the interface of interest, the
characteristic S-O vibrations of sulfate were examined as these modes have been shown to be
highly sensitive to local molecular environment.®

Fig. 6.3 reflects a combined spectroelectrochemical study performed during an exposure of the
sample to humid air. The interface potential (black line) as well as topography changes of the
polymer surface (grey line) were monitored simultaneously. The diagram shows that the PVB
surface was slowly, but continuously elevated by almost 50 um within the first 225 min of the
experiment while the RH inside the KP chamber increased above 85 % RH. This implies lifting
and swelling of the organic layer. To investigate if this observation is connected to changes in
polymer/sulfate/steel-interface structures the vibrational modes of the Na,SO, precipitate were
monitored with Raman spectroscopy. Fig. 6.4 presents a Raman spectrum of the wavenumber
range between 350 cm™ and 1400 cm™ that was recorded during the initial 200 s of the
experiment. Peaks observed for solid sulfate salts typically occur near 453 and 470 cm™ (v,
symmetric S-O bending vibrations), 622 cm™, 634 cm™ and 650 cm™ (v4 asymmetric S-O
bending vibrations), 993 cm™ (v; symmetric S-O stretching vibration) and between 1085 and
1185 cm™ (vs asymmetric S-O stretching vibrations).””* The spectrum presented in Fig. 6.4 is
characteristic of anhydrous Na,SOs crystal structures excepting the weak peaks observed
between 800-900 cm™ and above 1200 cm™ which are attributed to polymer finger-print
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modes.”””® This confirms that the assembled KP-Raman spectroscopy instrument is generally

able to detect salt particles with molecular cations and/or anions at buried polymer/metal
interfaces.

35000 4 ﬁ

30000

__‘,_,.....—-—-‘

25000 4

intensity / counts

20000

2800 3000 3200 3400 3600
wavenumber / cm™!
b
8000
!

7000 |
i
6000 ﬂj

5000 4

intensity / counts

PR
I

!

i

40007
§

3000 J \

2000 -

2800 3000 3200 3400 3600

wavenumber / cm ™!

Figure 6.2. Raman spectra of the O-H- and C-Hi-stretching regions recorded on a Na,SO4
covered and subsequently PVB-coated steel sheet. (a) Measurement performed after sample
exposure to dry air for several hours. Acquisition time: 20 min. (b) Spectrum recorded after
sample exposure to 532 nm laser light for several hours in humid air. Acquisition time: 4 min.
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Figure 6.3. Water uptake study performed on a Na,SO4 covered and subsequently PVB-coated
steel sheet. Purging of the KP sample chamber with humid air was initiated several minutes
before the measurement started. Black curve: Volta potential changes detected by the KP on the
sample. Grey curve: Topography changes of the sample surface, detected by the KP. Positive
distance values refer to lifting of the PVB layer surface, negative to subsidence processes. Times
indicated correspond to Raman spectra presented in Figs. 6.5 and 6.6.
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Figure 6.4. Na,SO4 Raman spectrum recorded during the first 200 s of the experiment presented
in Fig. 6.3.
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Fig. 6.5a shows that lifting of the PVB layer surface during the first four hours of the experiment
did not result in the evolution or disappearance of the sulfate peaks. However, the baseline
shifted to higher counts and peak intensities in the Raman spectra started to attenuate just before
lifting of the polymer reached a maximum at around 13500s. These spectral changes are
assigned to an increase of the photonic background scatter level resulting from focus point
changes of the laser beam at the polymer/sulfate interphase zone with polymer swelling. Within
the following hour, a distinct descent of the coating surface is indicated by Fig. 6.3. The rate of
decrease slowed at 16000 s. After this time, no further peak intensity decrease was observed in
Fig. 6.5a and the interface potential achieved a constant level in Fig. 6.3. During the following
hours, the Raman spectra baseline decreased (see Fig. 6.5b). Notable spectral changes are
evident between 31000 and 39000 s. Fig. 6.6 shows that a peak appeared during this period on
the red side of the anhydrous sulfate symmetric stretching peak at 983 cm™. This new peak is
assigned to the solvated sulfate symmetric S-O stretching mode and reflects the partial hydration
of the Na,SO, particles.”® ** The unaltered v; asymmetric S-O stretching vibration peak triplet
between 1090 and 1170 cm™ indicates that the sodium sulfate crystals did not completely
dissolve.®* Fig. 6.3 indicates that the PVB layer descent slowed during sulfate solvation.
Moreover, the interface potential started to continuously increase after 39000 s when the major
growth of the 983 cm™ peak ceased.
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Figure 6.5. Na,SO4 Raman spectra recorded during the experiment presented in Fig. 6.3.
Acquisition time: 200 s. (a) Measurements performed between ¢ = 13000 and 16000 s. (b)
Measurements performed between ¢ = 16000 and 22000 s.
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Figure 6.6. Na,SO, Raman spectra recorded during the experiment presented in Fig. 6.3.
Acquisition time: 200 s. Measurements performed between ¢ = 31000 and 39000 s. Details of the
v, symmetric S-O stretching vibration peaks are displayed in the upper right corner.

The observed potential changes, spectral alterations, and variations of the sample topography
presented in Figs. 6.3, 6.5 and 6.6 are clearly interrelated. They occurred either coincidently or
successively and confirm adequate overlap of the KP and Raman laser probed sample areas.”
The interface potential detected by the Kelvin probe varied by less than 125 mV in total. This
implies that no major degradation was induced at the steel substrate for the selected experimental
conditions, as processes such as cathodic delamination at polymer/metal interfaces are usually
connected with distinctly larger potential shifts of several hundred millivolts.">"'>* The observed
variations of the Volta potential are consequently assigned to slight changes of the capacitive
properties during lifting and descent of the PVB layer. Correlated minor adjustments of interface
dipole moments of the investigated sample are a possible explanation.*** Monitoring
topography changes at the PVB surface reveals that the initial bulging of the coating layer by
50 um in the first four hours is too large to be solely attributable to swelling of the
macromolecular network during water uptake. Therefore, lifting has to be supported by de-
adhesion processes at the PVB/Na,SOu/steel interface. Raman analysis additionally shows that
blister formation can occur without changes to the hydration state of the sodium sulfate particles
although the water amount within the sample has to increase during exposure to humid air (see
Fig. 6.2b). This indicates that plastic deformation of the macromolecular structure occurs while
free volumes and pores within the polymer bulk fill up with H,O. Sodium sulfate is hygroscopic,
but the critical threshold quantity of water at the polymer/Na,SOu/steel interface that allows for
the detection of water uptake by the salt crystals is not exceeded before 31000 s. Additionally,
the observed hydration of sulfate does not induce sufficient volume increase at the buried
interface to affect the PVB surface topography (see Fig. 6.3) and the humidity increase does not
result in an evolution of iron oxide peaks in the Raman spectra, which would indicate oxidation
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processes at the steel surface. This means that, while active dissolution of steel may occur, it
does not result in major growth of voluminous corrosion products into the Na,SO, layer. In
summary, the simultaneous KP-Raman approach offers insight into interfacial degradation
processes that cannot be achieved by applying each technique separately.

Incremental and Continuous Polymer De-adhesion during Humidification

Simultaneous KP-Raman measurements are also suited for monitor swelling and de-adhesion
kinetics at PVB/sulfate/steel compounds starting from extremely dry interfaces. Fig. 6.7 presents
measurements made after overnight exposure of the sample to air of <5 % RH. The sudden jump
in the topography indicates almost instantaneous initiation of polymer swelling and de-adhesion
when purging of the KP chamber with humid air started at 1680 s. Within the following 6 min,
the PVB surface was lifted by 38 um. During the subsequent 110 min no further topographic
change of the sample surface was detected. The interface potential exhibited a peak between
1680 and 2500 s and then a slow decay. These potential shifts result from the release of charge
that formed on top of the PVB layer during exposure to dry atmosphere and not from notable
changes of the sample structure. A stable potential level was achieved at around 5400 s. It is
approximately 80 mV lower than it was previously in dry air and indicates minor structural
adaptations of the polymer/substrate interphase zone rather than major degradation processes.
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Figure 6.7. Water uptake study performed on a Na,SO4 covered and subsequently PVB-coated
steel sheet. The sample was exposed to dry air for several hours prior to the experiment. Purging
of the KP sample chamber with humid air was initiated at ¢+ = 1680 s. Black curve: Volta
potential changes detected by the KP on the sample. Grey curve: Topography changes at the
sample surface, detected by the KP. Positive distance values refer to lifting of the PVB layer
surface, negative to subsidence processes. Times indicated correspond to Raman spectra
presented in Fig. 6.8.

271



At approximately 8800 s another sudden bulging of the sample surface was detected along with a
concomitant decrease of the interface potential by about 200 mV. An almost constant potential
level was achieved only a few minutes after this incident. During the subsequent stages of the
experiment the kinetics of the surface topography adjustments changed from sudden, incremental
bulging to more uniform lifting processes. Fig. 6.6 shows that the polymer surface was
continuously elevated by 50 um between 18000 and 30000 s, which was not accompanied by
major changes of the Volta potential. The Raman spectra collected within this time range allow
for a more detailed investigation of these phenomena. Fig. 6.8a presents how the Raman spectra
changed during the first two PVB de-adhesion incidents on the solvation state of Na,SO4 beneath
the polymer layer. No changes to the sulfate peaks were observed during the first two hours of
the experiment, which includes the sudden lifting of the PVB layer at 1680 s. In contrast, the
second de-adhesion incident at 8800 s was associated with partial solvation of Na,SO, crystals as
revealed by the small shoulder that developed at 982 cm™. The shoulder intensity then remained
nearly constant with only slight increases observed during the third bulging incident in the final
stage of the experiment (see Fig. 6.8b). Negligible changes to the S-O bending modes at lower
wavenumbers nor to the v; asymmetric S-O stretching modes at higher wavenumbers were
observed during the course of the experiment.

Grayscale thresholding by the image analysis software was used to determine the coating
edge for each image as shown in the bottom of Figure 4.2a. These images show that the edge of
the coating moved from right to left with each scan as the coating was removed from the
substrate surface by AFM scratching. The Raman spectra in Figure 4.3 provide evidence for total
removal of the coating in this region. The peaks from the polymer coating, for instance the peak
around 2950 cm™ associated with the C-H bond, are absent after scratching. Close examination
of the topographic image of the lower scratched region of the 7" scan in Figure 4.2b shows some
features. However, these features are associated with scratches in the steel substrate generated
during sample preparation. The evidence indicates that the coating is completely removed from
the surface in increments during AFM scratching so that the removal rate can be used as a
measure of the coating adhesion strength.
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Figure 6.8. Na,SOs Raman spectra recorded during the experiment presented in Fig. 6.7.
Acquisition time: 240s. (a) Measurements performed between ¢ = 9600 and 10080 s. b)
Measurements performed between ¢ = 18000 and 30000 s. Details of the v, symmetric S-O
stretching vibration peak region are shown.

The data presented in Figs. 6.7 and 6.8 reflect the diversity and complexity of possible processes
at salt contaminated polymer/oxide/metal interfaces. Mechanical tension within the PVB
structure can be instantaneously released by de-adhesion of the organic layer (see Fig. 6.7,
t=1680 s). Even the uptake of small amounts of water from the atmosphere appears to be
sufficient for initiation of unbonding. The solvation state for the majority of the hygroscopic
Na,SOy particles did not change (within our detection limits), but the HO quantity nevertheless
seemed to be large enough to induce interfacial wet de-adhesion processes. This is indicated by a
correlated decline of the interface potential, which usually refers to a reduction of the
organic/substrate interface stability.'>™" In this context, the second de-adhesion incident at 8800 s
was more destructive than the first one, because the topography change was larger, the potential
shift was more pronounced and partial solvation of sulfate occurred. This indicates a relatively
abrupt incorporation of additional water into the polymer/sulfate salt/steel interphase zone and a
distinct increase of the interfacial water amount. Compared to nitrate or chloride, which can
specifically catalyze active dissolution of steel substrates, SO,4* species often indirectly support
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degradation processes. For example, their presence at the sample surface will result in a
compaction of the electric double layer and thereby potentially accelerate any electrochemical
processes, especially as steel surfaces are not passivated by Na,SO4 solutions. Therefore, even if
partial solvation of Na;SOj, is not automatically connected to subsequent interface degradation
(see Section 3.1), it nevertheless surely promotes further swelling/de-adhesion of the polymer
layer as is indicated by Fig. 6.7 for the final stage of the experiment.

Structural Adjustments of the PVB/Sodium Sulfate/Steel Interface during Drying

Valuable information about structural adjustments at buried polymer/metal interfaces can be also
obtained by the initiation of drying processes. Fig. 6.9 shows a measurement that was performed
after overnight exposure to air of > 90 % RH of a steel sample with deposited Na,SO4 and a PVB
coating. Volta potentials and Raman spectra were recorded in humid atmosphere before purging
of the KP chamber with dry air started at 1340 s. This resulted in an instantaneous decline of the
polymer surface by more than 175 pm in height. De-swelling proceeded extremely fast and the
topography change was distinctly larger than related processes described in previous sections.
Consequently, such observations cannot be solely explained by simple compaction of the
macromolecular PVB structure due to water loss. Indeed these results imply that the polymer
layer descends as a whole because of changes beneath it. Supporting this assumption are the
results presented by Fig. 6.10, which shows Raman spectra recorded during the first 7200 s of
the experiment. The spectral signatures in Fig. 6.10 reflect almost fully solvated sulfate species
with the v; symmetric S-O stretching vibration centered at ~980 cm™ and the v; asymmetric S-O
stretching vibration peaks between 1075 cm™ and 1175 cm™ converged onto one degenerate,
broad peak indicating 7, symmetry for the sulfate compounds.’****> From 1340s on, the
intensity of the v; signal starts to decrease, but neither a correlated shift of peak positions nor an
evolution of additional peaks is detected. The Fig. 6.10 inset shows this peak in more detail and
confirms that no change of the SO,> solvation state occurs during the first 7200 s of the
experiment. These results again indicate that the focal spot of the Raman laser at the
PVB/sodium sulfate interphase region changed (see also Section 3.1). Synergistic processes that
comprise a decrease of the PVB layer thickness, a reduction of free or liquid filled volumes at the
PVB/Na,SOu/steel interface zone as well as a correlated shrinking of blisters on the polymer
coated metal substrate in dry air are considered to be likely sources contributing to focal spot
changes.

Fig. 6.11 shows Raman spectra that feature the largest degree of change observed during the
entire experiment. These spectra reflect distinct adjustments of the spectral sulfate signature
upon dehydration between about 14000 and 16000 s during which no pronounced variations of
the Volta potential and very unspecific slight lifting of the PVB surface were monitored (see
Fig. 6.9). First, the intensity of the v, symmetric S-O stretching vibration peak at 983 cm™
decreased until the signal was greatly diminished. Secondly, the peak corresponding to the
anhydrous sulfate v; symmetric S-O stretching vibration grew at 993 cm™ and quickly became
the most intense signal of the spectrum. Finally, the broad band between 1075 cm™ and
1175 cm™ resolved again to a v3 asymmetric S-O stretching vibration peak triplet. These spectral
features clearly reflect the quick and thorough dehydration of the sodium sulfate crystals.
Furthermore, the spectrum acquired at 16080 s strongly resembles spectra from dry Na,SO4
crystals®® (see also Fig. 6.4).
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Figure 6.9. Drying study performed on a Na,SO4 covered and subsequently PVB-coated steel
sheet. The sample was exposed to humid air for several hours prior to the experiment. Purging of
the KP sample chamber with dry air was initiated at # = 1340 s. Black curve: Volta potential
changes detected by the KP on the sample. Grey curve: Topography changes at the sample
surface, detected by the KP. Positive distance values refer to lifting of the PVB layer surface,
negative to subsidence processes. Times indicated correspond to Raman spectra presented in
Figs. 6.10, 6.11 and 6.12.
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Figure 6.10. Na,SO, Raman spectra recorded during the experiment presented in Fig. 6.9.
Acquisition time: 240 s. Measurements performed between ¢ = 240 and 7200 s. Details of the v,
symmetric S-O stretching vibration peak are displayed in the upper right corner.

275



15360 s

15120 s
14880 s
14640 s
14400 s
14160 s
13920 s

i

900 1000 1100 1200
wavenumber / cm’™'

16080 s
15840 s

15600 s

15360 s

intensity / counts (a.u.)

900 1000 1100 1200

wavenumber / cm™!

Figure 6.11. Na,SO, Raman spectra recorded during the experiment presented in Fig. 6.9.
Acquisition time: 240 s. (a) Measurements performed between ¢ = 13920 and 15360 s. (b)
Measurements performed between t = 15360 and 16080 s.

Fig. 6.12a shows that the dominant peak at 993 cm™ decreased again during the following
8600 s. This was accompanied by a loss of spectral resolution, as from ¢=24720s on
identification of the v; asymmetric S-O stretching vibration peak triplet became difficult. A
tremendous increase of the baseline counts and the correlated baseline shift resulted in spectral
distortions rendering further interpretation impossible (see Fig. 6.12b). The CCD detector
saturated at around 27840 s.

The spectra seem to reflect similar behavior to that observed in Figs. 6.10 and Fig. 6.5a, which
was attributed to off-focus effects. However, two specific differences only observed in Fig. 6.12
needs to be addressed. First of all, the spectra all feature an intense broad background that
increases in intensity with time and was not detected before. This is attributed to a large increase
of the scatter for the green laser light inside the KP chamber and not to fluorescence of the
sample. This situation seems to resemble KP-Raman observations made on hematite samples
when the laser beam was incident on the KP needle.’” Secondly, a simultaneous Volta potential
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increase of more than 600 mV was observed between 18000 and 28000 s (see Fig. 6.9). This is
usually connected with a stabilization of the interface and partial or complete de-activation of
local galvanic cells that are responsible for corrosion of the base material.'*"
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Figure 6.12. Na,SO, Raman spectra recorded during the experiment presented in Fig. 6.9.
Acquisition time: 240 s. (a) Measurements performed between ¢ = 19200 and 24720 s. (b)
Measurements performed between ¢ = 24720 and 27840 s.

Charging of the PVB surface in dry air may amplify the potential increase, but this should be
minor as large charging effects would prevent high-quality measurements with the KP
instrument employed in the present study. Sample charging is almost ruled out because a good
signal to noise ratio for the Volta potential was maintained and the distance between KP needle
and PVB surface remained nearly constant between 18000 and 28000 s (see Fig. 6.9). The
constancy for the distance measurements also indicates that the large background observed for
spectra in Fig. 6.12 did not result from a topography change of the polymer surface. The laser
beam itself was not responsible for the observed Volta potential change, because that should
have caused a decrease in potential rather than the observed increase.” In the case where the
laser beam directly hits the KP needle, deviated distance signals would be additionally
detected.”® Such processes, however, are not observed in Fig. 6.9. Although a definitive
explanation for the Raman baseline shifts observed for Fig. 6.12 spectra cannot be given, it is
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reasonable to assume that effects such as clouding of the PVB layer may play a significant role
because occasionally the PVB-coated samples partially lost transparency during cyclic exposure
to humid and dry air.

To demonstrate that drying processes at PVB/Na,SOu/steel interfaces are not generally
connected to distortions of simultaneously recorded Raman spectra, Fig. 6.13 presents an
experiment that started from partially solvated sulfate species during sample exposure to humid
air. Fig. 6.14 indicates incomplete SO,> solvation by the observed doublet of the v, S-O
stretching vibration signals recorded at 960 s (for peak assignment see above). At 1460 s purging
of the KP sample chamber with dry air started. A simultaneous increase of the interface potential
and descent of the polymer layer surface were detected instantaneously. In parallel, the intensity
of the S-O peak at 982 cm™ decreased due to drying of the interface zone. Fig. 6.14 shows that
sulfate dehydration was still ongoing at 7200 s, but completed within the next 240 s, because the
vs asymmetric S-O stretching vibration peak triplet quickly formed between 1075 and 1175 cm™
while the signal at 982 cm™ almost disappeared. These results confirm that water evaporation at
the polymer/Na,SO;, interface as well as within the PVB layer initiates almost immediately by a
rapid reduction of the atmospheric RH level. However, water activity in the surrounding polymer
phase must decrease below a certain threshold level for dehydration of sodium sulfate to proceed
and this may be delayed if the initial water content of the sample is large (see Fig. 6.9).
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Figure 6.13. Drying study performed on a Na,SO4 covered and subsequently PVB-coated steel
sheet. The sample was exposed to humid air for several hours prior to the experiment. Purging of
the KP sample chamber with dry air was initiated at = 1250 s. Black curve: Volta potential
changes detected by the KP on the sample. Grey curve: Topography changes at the sample
surface, detected by the KP. Positive distance values refer to lifting of the PVB layer surface,

negative to subsidence processes. Times indicated correspond to Raman spectra presented in Fig.
6.14.
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Figure 6.14. Na,SO, Raman spectra recorded during the experiment presented in Fig. 6.13.
Acquisition time: 240 s. Measurements performed at ¢ = 960, 7200, and 7440 s.

Both Fig. 6.10 and 6.14 demonstrate that the introduction of less than 0.006 mW/um” of laser
energy into the sample did not induce detectable drying of the PVB/sodium sulfate interface
during initial stages of the experiment at high RH. No topography, potential or spectral changes
were observed before the atmospheric humidity was reduced. However, it is unlikely that the
input laser energy had no impact on RH dependent processes at all. Fig. 6.6, for example, shows
that complete sulfate solvation, as is reflected by Fig. 6.10, cannot be achieved within 10 hrs of
sample exposure to humid air while the laser is in operation. Consequently, for polymer/substrate
interface structures that are known to be especially sensitive to laser irradiation, periodic
recording of single Raman spectra during the course of the experiment is suggested instead of
continuous analysis. Reduction of the spectral acquisition time and application of minimal laser
power are general considerations for Raman spectroscopy to avoid laser-induced processes on
the investigated sample and these also apply to the combined KP-Raman spectroscopy
approach.” In this context, the measurements discussed in the present study altogether confirm
that sophisticated spectroelectrochemical in-situ analysis is necessary for a detailed
understanding of bonding, adhesion and degradation mechanisms as well as for structural
determination at buried polymer/metal interfaces.

6.7 Economic Summary

This project was started before there was an emphasis placed on economic justification of the
work, so no summary is presented.

6.8 Implementation

Any implementation of the combined Kelvin probe/Raman spectroscopy method to the surface
analysis of buried polymer/metal interfaces will need to make use of this work in order to be able
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to properly correlate potential and spectroscopic observations to specific structural events at the
interface.

6.9 Conclusions

A combined Kelvin probe-Raman spectroscopy approach was introduced for the in-situ analysis
of buried PVB/ Na,;SOuy/steel interfaces. Simultaneous recording of Volta potentials and sulfate
spectra showed that the assembled instrument is capable of interface sensitive measurements.
The interrelation of spectral alterations, potential changes and variations of the KP
needle/substrate distance confirmed an adequate overlap of Raman and KP probed areas on the
sample. Laser induced drying processes at the PVB/Na,SO, interface were not detected, but may
have decelerated the solvation of Na,SO4 crystals. An increase of the atmospheric humidity
instantaneously resulted in bulging of the PVB layer and was partially connected to an
attenuation of peak intensities in the Raman spectra. Subsequent solvation of some portion of the
sulfate particles manifested in the evolution of the symmetric S-O stretching vibration peak at
~980 cm™ attributed to solution phase SO,”, but did not induce any volume increase at the
polymer/sulfate interface that was detectable at the sample surface. Sudden, incremental polymer
lifting during humidification was connected with a decrease of the Volta potential, which
confirmed a reduction of the interface stability. Drying studies at water saturated PVB/Na,SO4
interfaces revealed a quick and pronounced depression of the polymer surface of up to 200 um,
which was connected to an attenuation of the spectral Raman intensity. Increase of the Volta
potential indicated a stabilization of the interface, which, however, was not observed until de-
solvation of sodium sulfate initiated. The presented data reflect the diversity and complexity of
structural adjustment processes at buried interfaces and show that the simultaneous KP-Raman
approach complements established methods for analysis.
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Task 7: Laser Effects on Volta Potential Transients
Recorded by a Kelvin Probe

7.1 Summary

A laser beam focused beneath a Kelvin probe needle allows for evaluation of laser-induced Volta
potential shifts that can be used to identify (ir)reversible structural rearrangements at the sample
surface. This work investigates the impact of laser irradiation on different substrate materials and
the influence of laser power and wavelength to explore possible additional areas of analytical
applications. Complete and instantaneous potential recovery was achieved with a 785 nm beam,
whereas inverse and less meaningful potential shifts result for highly reflective Si-wafers.
Moreover, similarities to photovoltage transients recorded on solar cell devices are discussed.

7.2 List of Figures and Tables

Figure 7.1 Potential and distance transients recorded on bare steel irradiated with a 785 nm
laser beam (output energy: 100 mW) focused beneath the KP needle.

Figure 7.2 Potential and distance transients recorded on hematite-covered steel irradiated with
a 785 nm laser beam focused beneath the KP needle and operated at output energies
between 10 mW and 200 mW.

Figure 7.3 Potential and distance transients recorded on a ZnO covered zinc foil irradiated with
a 785 nm laser beam (output energy: 100 mW) focused beneath the KP needle.

Figure 7.4 Potential and distance transients recorded on a Si wafer irradiated with a 785 nm
laser beam (output energy: 100 mW) focused beneath the KP needle.

7.3 Introduction and Background

A combined Kelvin probe (KP) and Raman spectroscopy approach was previously introduced for
spectroelectrochemical surface analysis."” A 532 nm laser beam with probing area partly placed
beneath the KP needle allows the collection of Raman spectra. Photons scattered at the sample
surface influence the electrical properties of the KP plate capacitor formed by the needle tip, the
sample surface, and the air gap in between. Convoluted laser-induced processes at the needle
and/or sample surface possibly involve drying, adsorption/desorption of organic contaminants,
photoelectric effects, and structural rearrangement of crystalline phases.'” The decrease in Volta
potentials observed for laser-exposed bare steel never fully relaxed back to the initial state, while
those for hematite (a-Fe,Os)-covered steel immediately recovered after laser exposure.'
Recovery kinetics were strongly dependent on relative humidity but also reminiscent of
photovo}tggje transients observed with ZnO or TiO, films deposited on Si wafers and solar cell
devices. "™
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To explore contributions from photovoltage and to check whether reversible and minimized
laser-induced Volta potential changes can be detected with the KP, in this work transients
resulting from sample exposure to 785 nm laser beams of varying power are compared to those
previously observed with a 532 nm laser. Steel, macroscopic hematite layers on steel as well as
ZnO and Si substrates are investigated to further assess the applicability of a KP for sophisticated
spectroelectrochemical in sifu approaches.

7.4 Lessons Learned

We have learned that the use of a Raman laser at 785 nm in the investigation of electrode
substrates (alloys like steel and metal oxides like ZnO-covered Zn) with a combined Kelvin
probe induces reversible reduction and instantaneous adjustment of Volta potentials, in contrast
to results obtained at smaller wavelengths (532 nm). In addition, we have learned that
photovoltage effects are unlikely to be responsible for these observations. Also, photo-induced
potential shifts do not linearly increase with increasing laser power. More importantly, we have
learned that for a highly specular substrate (Si wafer), the scattered Raman light raises the
surface potential. This suggests that in order to minimize irreversible laser-induced potential
shifts, Kelvin probe and Raman spectroscopy measurements should not be simultaneously
performed on specular surfaces.

7.5 Experimental
Materials

As-received 1018 steel sheets (1388K 15, McMaster-Carr) were ultrasonicated in acetone prior to
laser exposure. Macroscopic hematite layers were prepared by annealing clean steel coupons in a
muffle furnace (550-14 Isotemp, Fisher Scientific) for 5h at 600°C in air."® Zinc foil was
purchased from Goodfellow (ZN00301; 99.95+ %, 0.2 mm thick) and annealed for 4 h at 300°C
in air to form a covering ZnO film. Pieces of Si(100) wafers from Si-Tech, Inc. (62729961; 50-
65 Q) were used following successive ultrasonication in acetone and methanol.

Raman/Kelvin Probe Setup

A Raman laser probe was built in the sample chamber of a custom-made KP from the Max-
Planck-Institute for Iron Research (Diisseldorf, Germany) (Fig. 7.1)."* The distance between the
500 um diameter KP needle and the sample surface was continuously monitored. Volta potential
measurements were performed in humid air (RH > 80%) at ambient temperature. A continuous
wave (CW) 785 nm multimode laser source (PI-ECL-785-300-SH, Process Instruments) was
coupled to a fiber optic probe (RP785/12-5, InPhotonics; 7.5 mm focal length, 135 um beam
diameter at the focal spot) that focused a beam on a probing area partly beneath the KP needle at
an angle of ~ 50°.

7.6 Results and Discussion

Volta Potential Transient on Bare Steel
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Fig. 7.1 presents a Volta potential transient recorded on bare steel. After 5 min, a 785 nm laser
beam was switched on and focused beneath the KP needle so that partial overlap between the
area probed by the KP and that irradiated by the laser was achieved.! Similar to previous
observations made with a CW 532 nm beam, an instantaneous reduction of the potential of ~40-
50 mV resulted, whereas the signal describing the separation distance between the sample and
KP tip remained unchanged.! The distance monitoring for the employed KP is based on a
sensitive potential measurement by an electric circuit and it was shown that this constant distance
signal indicates that the KP needle was not placed directly in the laser beam path although
photons reflected at the sample surface may hit the needle.' At = 15 min, the laser was turned
off and the potential immediately recovered. This was not observed when a CW 532 nm beam
was used, for which irreversible potential changes were correlated to the formation of hematite
on the substrate surface.'! A CW 632.8nm laser also did not induce such crystalline
rearrangement’ and Fig. 7.1 now confirms that potential shifts are fully reversible even after
several light on-off cycles if the laser wavelength is long enough.
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Figure 7.1. Potential and distance transients recorded on bare steel irradiated with a 785 nm laser
beam (output energy: 100 mW) focused beneath the KP needle. Upper right corner: Schematic
illustration of the experimental setup.'”

Volta Potential Transient on Hematite-Covered Bare Steel

Fig. 7.2 shows equivalent potential transients recorded on steel covered with a macroscopic layer
of hematite. Complete and instantaneous potential recovery is observed independent of the
energy output of the 785 nm laser. Very small potential changes are detectable at 10 mW (< 5
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mV), whereas increasingly larger changes are observed at higher laser power outputs (~15, 25
and 30 mV at 50, 150 and 200 mW, respectively). The absolute values should not be directly
compared to those detected on bare steel due to possibly varying overlaps between laser
irradiated and KP probed substrate areas. However, the observed trends are reproducible and
meaningful because Fig. 7.2 clearly shows a non-linear dependence between laser power output
and KP potential shifts. This means that light-induced deviations of Volta potentials detected,
e.g. while Raman spectra are recorded, can be effectively minimized with reduced laser power.
Moreover, if higher energy output is required, the absolute value of inevitable potential shifts
that have to be taken into account seems to be limited.
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Figure 7.2. Potential and distance transients recorded on hematite-covered steel irradiated with a
785 nm laser beam focused beneath the KP needle and operated at output energies between
10 mW and 200 mW.

In contrast to experiments performed with a 532 nm laser on a-Fe,03, irradiation with 785 nm
(i.e., ~1.6 eV) laser light should not exceed the band gap of hematite (typically, £, = 2.2 eV’). It
suggests that the instantaneous recovery of laser-induced KP potential shifts presented in Fig. 7.2
is not related to photovoltage effects. This conclusion is not limited to iron oxides, since in
Fig. 7.3 a similar effect is observed with a Zn foil covered by a macroscopic ZnO layer. Again,
immediate and completely reversible laser-induced potential changes are detected and the energy
level of the large ZnO band gap (£, > 3 eV) is not exceeded by the 785 nm laser.®

Volta Potential Transient on Highly Reflective Si Wafer
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A contrasting case is shown in Fig. 7.4 for a highly reflective Si substrate. When a 785 nm beam
of 100 mW is focused on a Si wafer below a KP needle, an instantaneous, large potential
increase is observed, which slowly relaxes towards the initial value after the laser is turned off.
The polarity of potential change is opposite, but the general shape is similar to the transients
shown in Figs. 7.1 to 7.3, and to those that resulted when focusing a CW 532 nm beam on
hematite at high RH'. However, in this case, the signal corresponding to the substrate/tip
separation distance changes when the light is turned on and off, as shown in Fig. 7.4. It indicates
that the laser beam reflected off of the mirror-like wafer surface and irradiated the KP needle,
which changed the electrical and capacitive properties of the KP needle. Under these conditions,
meaningful Volta potential measurements are not possible. The transients shown in Fig. 7.4 are
influenced by parasitic signals in the electrical circuit of the KP and therefore hardly reflect
sample properties. In particular, the polarity of the potential change and the slow relaxation of
the potential upon turning off the laser probably result from artifacts associated with the circuitry
rather than physical properties of the sample. Very reflective surfaces should be consequently
analyzed by separate spectroscopic and electrochemical measurements at the same sample spot
rather than by a simultaneous KP-Raman spectroscopy experiment. The data presented in
Fig. 7.4 also imply that artifacts from reflected laser light might influence the characteristics of
photovoltage transients recorded with a KP on inorganic thin layers like ZnO deposited on
carriers such as Si wafers or solar cell devices
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Figure 7.3. Potential and distance transients recorded on a ZnO covered zinc foil irradiated with
a 785 nm laser beam (output energy: 100 mW) focused beneath the KP needle.

288



laser: off on off on off

0 10 20 30 40 50 60
Time [min]

450~
> 4
2 375-
$ 300
E i
<= 225-‘
=
& 1501 -
= - =
2 754 3
& - =
0 wned o
[£]
-
-]
-
re
o

Figure 7.4. Potential and distance transients recorded on a Si wafer irradiated with a 785 nm
laser beam (output energy: 100 mW) focused beneath the KP needle.

7.7 Economic Summary

This project was started before there was an emphasis placed on economic justification of the
work, so no summary is presented.

7.8 Implementation

Any implementation of the combined Kelvin probe/Raman spectroscopy method for electro-
optical analysis will need to make use of this work to ensure that low energetic (longer
wavelength) lasers and minimized output power output are used, especially when it comes to
matte finished sample surfaces. This is the first work reporting this effect.

7.9 Conclusions

In contrast to potential transients obtained with a 532 nm laser, measurements performed at a
longer wavelength (785 nm) induce reversible reduction and instantaneous adjustment of Volta
potentials on steel, hematite-covered steel and ZnO-covered Zn. Complete and instantaneous
recovery of the Volta potential was observed under all conditions for these electrodes when
785 nm light was used. Photovoltage effects are unlikely to contribute to the results. Light-
induced potential shifts do not linearly increase with increasing laser power. In contrast,
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reflections of the laser beam off of reflective Si wafers raise the potential, suggesting that KP and
Raman spectroscopy measurements should not be simultaneously performed on mirror-like
surfaces. Undesired irreversible laser-induced potential shifts can be consequently avoided
employing low energetic lasers and minimized power output on matte finished sample surfaces,
which confirms a general applicability of KPs for electro-optical analysis.
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