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Abstract

Corrosion of metallic surfaces is prevalent in the environment and is of great concern in many areas, including the military, transport, aviation,
building and food industries, amongst others. Polyester and coatings containing both polyester and silica nanoparticles (SiO2NPs) have been
widely used to protect steel substrata from corrosion. In this study, we utilized X-ray photoelectron spectroscopy, attenuated total reflection
infrared micro-spectroscopy, water contact angle measurements, optical profiling and atomic force microscopy to provide an insight into
how exposure to sunlight can cause changes in the micro- and nanoscale integrity of the coatings. No significant change in surface micro-
topography was detected using optical profilometry, however, statistically significant nanoscale changes to the surface were detected using
atomic force microscopy. Analysis of the X-ray photoelectron spectroscopy and attenuated total reflection infrared micro-spectroscopy data
revealed that degradation of the ester groups had occurred through exposure to ultraviolet light to form COO·, -H2C·, -O·, -CO· radicals. During
the degradation process, CO and CO2 were also produced.

Video Link

The video component of this article can be found at https://www.jove.com/video/54309/

Introduction

Environmental corrosion of metals in the environment is both prevalent and costly1-3. A recent study conducted by the Australasian Corrosion
Association (ACA) reported that corrosion of metals resulted in a yearly cost of $982 million, which was directly associated with the degradation
of assets and infrastructure through metallic corrosion within the water industry4. From an international perspective, the World Corrosion
Organization estimated that metallic corrosion was responsible for a direct cost of $3.3 trillion, over 3% of the world's GDP5. The process of
galvanizing as a corrosion preventative method has been widely used to increase the lifespan of steel material6. In humid and subtropical
climates, however, water tends to condense into small pockets or grooves within the surface of the galvanized steel, leading to the acceleration
of corrosion rates through pit corrosion7,8. Thermosetting polymer coatings based on polyesters have been developed to coat the galvanized
steel substrata increasing their ability to withstand humid weathering conditions for items such as satellite dishes, garden furniture, air-
conditioning units or agricultural construction equipment9-11. Unfortunately polymer coatings on steel surfaces have been found to be
considerably adversely affected by the presence of high levels of ultraviolet (uv) radiation12-14. Coatings comprised of silica nanoparticles (SiO2)
spread over a polymer layer have been widely used with a view to increasing their corrosion-, wear-, tear- and degradation-resistance15,16. The
tendency of the protective polymeric coatings to form pores and cracks can be reduced by incorporating nanoparticles (NPs), which contribute
to the passive obstruction of corrosion initiation17,18. Also, the mechanical stability of the protective polymeric layer can be improved by NPs
inclusion. However, these coatings act as passive physical barriers and, in comparison to the galvanization approach, cannot inhibit corrosion
propagation actively.

An in-depth understanding of the effect that high-levels of ultraviolet light exposure under humid conditions upon these metal coatings is yet to
be obtained. In this paper, a wide range of surface analytical techniques, including X-ray photoelectron spectroscopy (XPS), attenuated total
reflection infrared micro-spectroscopy (ATR IR), contact angle goniometry, optical profiling and atomic force microscopy (AFM) will be employed
to examine the changes in the surface of steel coatings prepared from polyester- and silica nanoparticle-coated polyester (silica nanoparticles/
polyester) after exposure to sunlight. Furthermore, the aim of this work is to give a concise, practical overview of the overall characterization
techniques to examine weathered samples.
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Protocol

1. Steel Samples

1. Obtain steel samples of 1 mm thickness from a commercial supplier.
 

NOTE: Samples were coated with either polyester or polyester coated with silica nanoparticles.
2. Expose samples to sunlight at Rockhampton, Queensland, Australia: collect samples after one-year and five-year intervals over a total 5-year

period. Cut sample panels into round discs of 1 cm diameter using hole puncher.
3. Prior to surface characterization, rinse samples with double-distilled water, and then dry using nitrogen gas (99.99%). Keep all samples in air-

tight containers to prevent any air contaminants adsorbing to the surface (Figure 1).

 

Figure 1. Preparation of metal discs with polyester-based coating. Samples were stored in containers until required. Please click here to
view a larger version of this figure.

2. Chemical and Physicochemical Characterization of Surfaces

1. Analyze surface chemistry using X-ray photoelectron spectroscopy.
1. Perform X-ray photoelectron spectrometry (XPS) using a monochromatic X-ray source (Al Kα, hν = 1486.6 eV) operating at 150 W.

 

NOTE: Spot size of utilized X-ray beam is 400 µm in diameter.
2. Load samples on the sample plate. Place the sample plate into vacuum chamber of XPS then pump the chamber. Wait for the vacuum

in the chamber to reach ~1 × 10-9 mbar.
3. In the photoelectron spectroscopy software, press the option of "Flood Gun" to flood the samples with low-energy electrons to

counteract surface charging.
4. Press "Insert">"Point">"Point" to insert an analysis point.

 

NOTE: This will be a location at which analysis is performed. Enable the auto height function to obtain the best height for acquisition.
5. Press "Insert">"Spectrum">"Multi Spectrum" to add scans to this point.

 

NOTE: This will open a window with a periodic table; select an element by clicking on it to highlight it.
6. After setting up the experiments, press the "Play" command to proceed the scans.
7. Press "Peak Fit" command then press "Add Peak" and "Fit All Level" commands to resolve the chemically distinct species in the high-

resolution spectra.
 

NOTE: This step will acquire the Shirley algorithm to remove the background and Gaussian-Lorentzian fitting to deconvolute the
spectra19.

8. Select all high-resolution and survey spectra. Press "Charge Shift" option to correct spectra using the hydrocarbon component of the C
1s peak (binding energy 285.0 eV) as a reference.

9. After charge correction, press "Export" option to generate the data table of the relative atomic concentration of elements on the basis of
the peak area.

2. Surface chemistry
 

NOTE: Analyze surface chemistry using attenuated total reflection infrared micro-spectroscopy (ATR-IR) on the infrared (IR) spectroscopy
beamline at the Australian Synchrotron as following:

1. Load samples on the stage of microscope. Open a "Start Video Assisted Measurement" or "Start Measurement without 3D" option.
Turn "VIS" mode on. Use the objective to focus on sample surface. Press "Snapshot/Overview" to take desired images.
 

NOTE: 0.5 mm thick CaF2plate can be used as the background.
2. Change the ATR objective to the sample. Carefully move the stage to place a 45° multi-reflection germanium crystal (refractive index

of 4) 1-2 mm above surfaces. Right-click on the Live Video window. Press "Start Measurement">"Change Measurement Parameters".
Choose the option "Never use existing BG for all positions".
 

NOTE: This will choose not to take background spectra for every measurement point.
3. Draw a map on video screen to choose the area of interest. Press a red aperture square and choose "Aperture">"Change Aperture".

Change the actual "Knife Edge Aperture" settings to X = 20 µm and Y = 20 µm.
4. Right-click on the newly sized aperture square and go to "Aperture"> "Set all Apertures to selected Apertures". Press "Measurement"

icon to start the scans. Save the data.
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NOTE: The refractive index of Ge crystal is 4, so an aperture of 20 µm × 20 µm will define the spot size of 5 µm × 5 µm. This step will
allow setting up FTIR mapping with an aperture of 20 by 20 µm, which corresponds to a 5 µm by 5 µm spot through the crystal across a
maximum wavenumber range of 4,000-850 cm-1.

5. Open master file using spectroscopy software. Choose the peak of interest on IR spectra. Right-click on the peak of interest. Choose
"Integration">"Integration". It will allow creating 2D false color maps

3. Surface wettability measurements
 

NOTE: Perform wettability measurement using a contact angle goniometer equipped with a nanodispenser19.
1. Place the sample on the stage. Adjust the position of the microsyringe assembly so that the bottom of the needle appears about a

fourth of a way down in the Live video window screen.
2. Raise the sample using z-axis until distance between the sample and surface is about 5 mm. Move the syringe down until a droplet of

double distilled water touches the surface. Move the syringe up to its original position.
3. Press the "Run" command to record the water droplet impacting on the surface for a 20 sec period using a monochrome CCD Camera

which is integrated with hardware.
4. Press the "Stop" command to acquire the series of images.
5. Press "Contact Angle" command to measure contact angles from acquired images. Repeat the contact angle measurements at three

random locations for each sample.

3. Visualization of the Surface Topography

1. Optical profiling measurement.
 

NOTE: The instrument is operated under the white light vertical scanning interferometry mode.
1. Place samples on the stage of the microscope.

 

NOTE: Ensure there is a sufficient gap (e.g., >15 mm) between objective lens and the stage.
2. Focus on surface using the 5× objectives by controlling z-axis until the fringes appear on the screen. Press "Auto" command to

optimize the intensity. Press "Measurement" command to initiate the scanning. Save the master files.
3. Repeat the step 3.1.2 for 20× and 50× objectives.
4. Prior to statistical roughness analyses, press "Remove Tilt" option to remove the surface waviness. Press "Contour" option to analyze

the roughness parameters. Click on "3Di" option to generate three-dimensional images of optical profiling files using compatible
software20.

2. Atomic force microscopy
1. Place samples on steel discs. Insert the steel discs into magnetic holder.
2. Perform AFM scans in tapping mode21. Mechanically load phosphorus doped silicon probes with a spring constant of 0.9 N/m, tip

curvature with radius of 8 nm and a resonance frequency of #20 kHz for surface imaging.
3. Manually adjust the laser reflection on the cantilever. Choose "Auto Tune" command then press "Tune" command to tune the AFM

cantilever to reach the optimum resonance frequency reported by the manufacturer.
4. Focus on the surface. Move the tips close to sample surface. Click on Engage command to engage AFM tips on surfaces.
5. Type "1 Hz" into scanning speed box. Choose the scanning areas. Press "Run" command to perform scan. Repeat the scanning at

least for ten areas of each of five samples of each condition.
6. Choose the leveling option to process the resulting topographical data. Save the master files.
7. Open the compatible AFM software. Load the AFM master file. Press "Leveling" command to remove the tilting of surfaces. Press

"Smoothen" command to remove the background.
8. Press "Statistical Parameters Analysis" to generate the statistical roughness 21.

4. Statistical Analysis

1. Express the results in terms of mean value and its standard deviation. Perform statistical data processing using paired Student's two-tailed
t-tests to evaluate the consistency of results. Set p-value at <0.05 indicating level of statistical significance.

Representative Results

The coated steel samples that had been subjected to exposure to the sunlight for either one or five years were collected, and water contact angle
measurements were carried out to determine whether the exposure had resulted in a change in the surface hydrophobicity of the surface (Figure
2).
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Figure 2. Wettability variation of surfaces with polyester or silica nanoparticle/polyester coatings (silica/polyester) over five years of
exposure to sunlight. (A) Goniometric images showing the water droplet used for measuring the equilibrium contact angle of the surfaces; (B)
Water contact angle as a function of exposure time (* indicating p < 0.05, compared its corresponding control (year 0)). Data represent means ±
standard deviations. Please click here to view a larger version of this figure.

It was found that wettability of the polyester-coated substrata had not changed as a result of the exposure to sunlight, however the silica
nanoparticle/polyester-coated samples, after one year of exposure, were found to be 1.3 times greater in hydrophobicity than the unexposed
samples. Further analysis of these samples was performed using XPS and ATR-FTIR. An advantage of XPS is that this technique allows the
elemental composition of a surface to be determined at a depth of approximately 10 nm below the surface. It was found that the Si content at
this depth had increased from approximately 2% to 15% over the 5-year exposure period. This increase could be attributed to the adsorption
of air pollutants. The XPS spectra indicated that iron (Fe) was detected on the polyester-coated substrata after one and five years of exposure
(Figure 3) and that there had been a slight decrease in the carbon content of the polyester-coated samples after an exposure time of 5 years.
No significant change was found in the silicon (Si), iron (Fe) and carbon (C) levels in the silica nanoparticle/polyester-coated substrata. XPS
does not, however, allow the particular functionality of the polymer coatings to be determined. As a result, Synchrotron-sourced ATR-IR was
employed to determine the changes in chemical functionality at a depth of 10 µm for the samples that had been exposed to sunlight, in particular
the changes that had taken place in the number of carbonyl groups. It was found that the number of carbonyl groups decreased on both the
polyester and silica nanoparticle/polyester-coated samples after five years of exposure.
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Figure 3. Elemental composition variation of polyester (PE) and silica nanoparticle/polyester coatings (PE + SiO2) over five years
exposing to sunlight as determined using XPS. (A) Representative XPS wide spectra and high resolution spectra of O 1s, C 1s and Si 2p
of polyester coatings before and after exposure. (B) The concentration of three elements (Si, Fe and C) (atomic fraction) was measured as a
function of time of exposure to determine changes in the composition of the surface coating under high levels of sunlight exposure under humid
conditions. Please click here to view a larger version of this figure.

 

Figure 4. Representative ATR-FTIR spectra used for the measurement of changes in the carbonyl groups on the steel surface coatings
after three years of environmental exposure. Changes in the distribution of carbonyl groups resulted from the ultraviolet light-induced
breakdown of ester groups. Please click here to view a larger version of this figure.
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Optical profiling and atomic force microscopy were further employed to investigate the surface topography of the substrata at the micro- and
nano-scale. The microscale topographic evolution of the polyester and silica nanoparticle/polyester-coated samples is presented in Figure 5. It
can be seen that the surfaces of both coatings became rougher than the original substrata, after one year of exposure, however this increase
was found not to be statistically significant (p > 0.05).

 

Figure 5. Micro-scale topographic changes in the polyester and silica nanoparticle/polyester coatings on steel over a five-year
exposure period. (A) Representative optical profiling images of steel coatings before and after exposure. (B) Graph showing an increase in
the average roughness of both coatings as a function of time of environmental exposure (* indicating p < 0.05, compared with its corresponding
control (year 0)). Data represent means ± standard deviations. Please click here to view a larger version of this figure.

Further analysis of the substrata highlighted that the nanoscale surface topography was significantly altered as a result of the ultraviolet light
exposure (Figures 6, 7 and 8). The original silica nanoparticle/polyester coatings were smooth on a nanometer scale, however, after exposure,
these both coatings were found to have formed globular structures. After five years of exposure, the surfaces were found to exhibit a significantly
higher average roughness than the original substrata, ranging from 40 - 47 nm (p < 0.05).
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Figure 6. Nanoscale topographic changes for polyester coatings on steel over a five-year exposure period.  Representative atomic force
micrographs and their corresponding surface profile, highlighting the topographic changes of the polymer coating. Please click here to view a
larger version of this figure.
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Figure 7. Nanoscale topographic changes for silica nanoparticle/polyester coatings over a five-year exposure period. Representative
atomic force micrographs and their corresponding surface profile, highlighting the topographic changes of the polymer coating, despite the
presence of the silica nanoparticle protection layer. Please click here to view a larger version of this figure.

 

Figure 8. Average nanoscale surface roughness of polyester and silica nanoparticle/polyester coatings on steel as a function of
exposure time. The average roughness of the surface coatings increases significantly with time of exposure (* indicating p < 0.05, compared
with its corresponding control (year 0)). Data represent means ± standard deviations. Please click here to view a larger version of this figure.

Discussion

Polyester coatings have been widely used to protect steel substrata from the corrosion that would occur on an uncoated surface due to the
accumulation of moisture and pollutants. The application of polyester coatings can protect the steel from corrosion; however the longer-term
effectiveness of these coatings is compromised if they are exposed to high levels of ultraviolet light under humid conditions, as occurs in
tropical climates. Silica nanoparticles can be applied to the surface of the polyester to improve the robustness of these coatings within these
environments, however the effect of environmental factors on these silica-containing coating materials was, until now, unknown, particularly in
regard to changes in their micro- and nanoscale surface topography.
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In many cases, the wettability of a substratum surface can provide an indication as to whether any surface degradation has taken place. Contact
angle measurements, however, do not provide any detail regarding the physical and chemical structural changes that may have taken place on a
surface (Figure 2). XPS and ATR-FTIR are techniques that allow changes in the carbon content and carbonyl (C=O) functionality distribution to
be determined.

The results obtained in this study suggest that sunlight exposure causes the degradation of polyester coatings. A proposed mechanism for this
degradation is given in Figure 922,23. Ester groups can be radically degraded through exposure to ultraviolet light to form radical -COO·, -H2C·, -
O·, -CO·. During the degradation process, CO and CO2 are produced.

 

Figure 9. Proposed ultraviolet light-catalyzed degradation of polyester. Under exposure to sunlight, the ester groups present on the
polyester formed radical species to form stable alcohol, aldehyde, carboxylic acid groups with the elimination of carbon monoxide and carbon
dioxide. Please click here to view a larger version of this figure.

In addition to the chemical degradation of the coatings, changes in the surface topography of the coatings were observed, but only on the
nanoscale. In previous studies, ultraviolet light irradiation was also reported to have significantly modified the surface nanoscale topography of
polymer surfaces24-26. Here, it was found that the surface topology had been changed through the formation of globular nanoscale structures
(Figures 6 and 7).

XPS can provide an insight into changes in surface chemistry at level of part per million. Due to the high sensitivity of the technique, sample
contamination can be readily detected and this may lead to biased results. The most important step in preparation of the samples for XPS
analysis is to ensure that the samples do not outgas or contain any particles that may damage the vacuum system of the instrument. To prevent
this from occurring, samples should be cleaned using nitrogen gas and degassed before any measurement. This technique only provides the
overall chemistry of a surface over a few hundreds of micrometers, and only reveals the surface chemistry to a depth of ~10 nm. The resulting
high resolution spectra allow the different chemical species existing on surfaces to be determined. XPS is an important tool for the investigation
of chemical modifications of the surface that may occur. An alternative technique to XPS is energy-dispersive X-ray spectroscopy (EDX)27.

ATR-IR microscopy requires that a good contact exists between the ATR crystal and the surface being analyzed because of the small extension
of the evanescent wave that occurs beyond the crystal. ATR-IR microscopy spatially resolves the molecular and structural composition of
surfaces. Contamination of the ATR crystal can also cause a low signal or biased results to be obtained. Prior to any experiment, it is important
to clean the crystal with pure isopropanol to ensure that any cross-contamination does not occur. Also, the refractive index of the ATR crystal
must be significantly higher than that of the sample. Infrared (IR) spectroscopy using the ATR method is able to be applied to the chemical or
biological systems that can be analyzed using the transmission method. ATR-IR has been widely used to monitor the development of eukaryotic
cells. Raman micro-spectroscopy is an alternative method by which the chemical heterogeneity of surface can be determined28.
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Water contact angle goniometry is a technique, based upon the Young equation, determined the hydrophobicity of a solid surface. When using
this technique, samples should be appropriately stored, such that adsorption of any contaminant can be avoided. A limitation of this technique is
that it is restricted to flat surfaces. If this is not the case, the curvature at liquid/solid/air interface will be distorted and undefined. This technique
is widely used to indicate any chemical change that may have occurred on a surface, and to determine the presence of hydrophobic and
hydrophilic functionalities. The Wilhelmy plate method is an alternative (but less easily performed) technique for estimating the degree of surface
wettability29.

Optical surface profiling provides a nondestructive and noncontact metrology. The most critical step of this technique requires users to
commence measurements at the lowest magnification in order to define the focal plane and prevent contact between the objective lens and the
sample surface. Optical profiling only allows the visualization of the surface topography on the micro-scale. Atomic force microscopy has the
ability to examine the topography of a surface from the nano- to molecular-scale. Operation of the AFM requires specific skills and a greater time
for analysis compared to optical profiling. The current study provides an excellent example where AFM was able to detect changes in surface
topography that were not evident using optical profiling. Alternative techniques to optical profiling and AFM are stylus profiling and scanning
electron microscopy, which can also provide the quantification of surface architecture27,30.

A set of these surface characterization techniques can be used to investigate chemical and topographic characteristics of polymer and metallic
surfaces. Optical profiling and atomic force microscopy can be used to examine changes in the surface micro- and nano-scale topography.
Surface chemical characterization techniques including IR-microscopy and X-ray photoelectron spectroscopy can be utilized to laterally examine
the surface chemistry homogeneity.
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