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Abstract: The distribution and chemical composition of inorganic components of a corrosion-inhibiting
primer based on polyurethane is determined using a range of characterisation techniques. The primer
consists of a Li2CO3 inhibitor phase, along with other inorganic phases including TiO2, BaSO4

and Mg-(hydr)oxide. The characterisation techniques included particle induced X-ray and γ-ray
emission spectroscopies (PIXE and PIGE, respectively) on a nuclear microprobe, as well as SEM/EDS
hyperspectral mapping. Of the techniques used, only PIGE was able to directly map the Li
distribution, although the distribution of Li2CO3 particles could be inferred from SEM through
using backscatter contrast and EDS. Characterisation was also performed on a primer coating that
had undergone leaching in a neutral salt spray test for 500 h. Overall, it was found that Li2CO3

leaching resulted in a uniform depletion zone near the surface, but also much deeper local depletion,
which is thought to be due to the dissolution of clusters of Li2CO3 particles that were connected to
the external surface/electrolyte interface.
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1. Introduction

Over recent decades, there has been a widespread search for alternatives to chromate inhibitors
in paints for many applications where corrosion is a threat to aesthetic and structural quality. Many
new inhibitor systems have been the subject of extensive research, including rare earths [1–14],
vanadates [15,16], organic compounds [17–23], sacrificial particles or functional properties in
coatings [24–28], double-layered hydroxides containing inhibitors [29–41] and, in many cases,
combinations of these. The search for alternatives is probably most intense for aerospace applications,
where chromate inhibitors have been the mainstay of corrosion prevention for many decades. This is
because chromate has a proven performance, particularly in the parts of aerostructures that are difficult
to access, where many years may pass between inspections. It is in these applications that chromate
has demonstrated its reliability [42].

Recently, Visser et al. reported on the promising potential of Li-based inhibitors as chromate
replacements for application to aluminium alloys used in the aerospace industry [43]. The successful
inhibition of Al, exposed at defects through a primer by Li inhibitors, was proposed to be due to
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the formation of a hydrated aluminium oxide incorporating Li [44–46]. The source of the Li was
from Li2CO3 particles added as a leachable inhibitor to the paint system. The successful application
of Li-based inhibitors in coatings, however, requires a detailed knowledge of how to incorporate
the inhibitor into a primer formulation, as well as an understanding of the mechanism of leaching.
Thus, detailed characterisation of the coating in the as-formulated state, as well as after exposure to
conditions where inhibitor leaching occurs, is required.

The objective of this work is to characterise a polyurethane primer, particularly its inorganic
components (Li2CO3 inhibitor, TiO2, BaSO4 and Mg-(hydr)oxide) in the as-formulated state, as well
as after neutral salt spray (NSS) exposure. Comparing the primer without NSS exposure to that
after NSS exposure will provide important insights into changes in the primer chemistry, including
changes to the inorganic components, particularly the Li2CO3 inhibitor, resulting from NSS exposure.
From a characterisation perspective, Li is one of the more difficult elements to detect in the periodic
table. This is due both to the small number of electrons as well as the low interaction cross section
for techniques based on electron or photon interaction. On the other hand, the Li nucleus has a
relatively high cross section for proton interaction (depending on the proton energy) resulting in γ-ray
emission. The method that utilises this interaction is called particle-induced γ-ray emission (PIGE),
and a preceding paper on the application of this technique on the Li2CO3-loaded primer studied here
has recently been reported [47]. Both PIGE and X-ray emission (PIXE) occur using proton beams, with
the X-ray emission resulting from the same transitions as can be seen using energy-dispersive X-ray
spectroscopy, but with proton excitation rather than electron excitation. The use of these techniques
is not widespread in the corrosion and coatings communities, since nuclear microprobes using MeV
ion beams from particle accelerators are rare compared to standard instruments available to research
and industry. However, PIXE has been used for corrosion studies [48,49], as well as studies into
inhibitor depletion at defects in coatings [50]. In this study, PIGE, supported by PIXE and SEM/EDS
has been used to characterise the inorganic components of the primer system, including the Li2CO3,
Mg-(hydr)oxides, BaSO4 and TiO2 particles. Of course, after NSS, the focus is on the change in the Li
distribution, since this is the leachable component of the system.

2. Experimental

2.1. Materials and Sample Preparation

The primer (coating) was a high-solids formulation based on a polyurethane resin with polyisocynate
crosslinker, and formulated to a pigment volume concentration (PVC) of 30%, as described
elsewhere [43]. The inorganic pigments included Li2CO3, Mg-(hydr)oxide and BaSO4 fillers and
TiO2. Trace element analyses of the various inorganic components of the paint indicated that the BaSO4

contained 0.9%m/m Sr, and small amounts of Si, Ca, Al and Ti. The MgO contained 1500–1900 ppm by
weight of Ca, 400–700 ppm by weight K and lesser amounts of other elements (Table 1). The Li2CO3

contained alkali metals (Na, K) in the range 400–800 ppm by weight. Particle size distributions
for these additives were determined by dispersing in a solvent, which was methylethylketone for
Mg-(hydr)oxide, TiO2 and Li2CO3, where water was used for the BaSO4. The BaSO4 particles had
the largest particles (up to 50 µm) and the largest spread in particles size. The TiO2 particles were the
smallest (up to 14 µm) and slightly smaller than the Mg-(hydr)oxide. The Li2CO3 had the largest size
at the lowest end of the distribution and ranged up to 18 µm.

AA2024-T3 was used as a substrate for coating; typical breakdown for this alloy is reported
elsewhere [51]. The AA2024-T3 was prepared by standard anodising according to aerospace
requirements (AIPI 02-01-003) at Premium AEROTEC, Bremen Germany. This included the following
steps: degrease, alkaline clean, acid desmutting followed by anodising in tartaric-sulphuric acid
to produce a 2–3 µm thick oxide layer. Subsequently, the primer was applied by spraying using
a high-volume, low-pressure (HVLP) spray gun in a single pass to achieve a dry film thickness of
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approximately 30 µm. In practice, the coating was typically 30 to 40 µm. Finally, the primer was cured
for 16 h at 23 ◦C/55% RH, followed by a 30 min baking cycle at 80 ◦C.

Table 1. Chemical composition of inorganic additives used in this study.

Element Li2CO3 (mg/kg) TiO2 (%m/m) MgO (mg/kg) BaSO4 (%m/m)

Al 5 1.4 70–77 0.1
Ca 91–98 – 1500–1900 0.1
Na 660–810 – 180–210 0.4
Ba 2 – 2–5 res
Si – – – 0.4
Sr – – – 0.9
Ti – – – 0.1
Zr – 0.4 – –
Fe 2 – 73–78 –
Mn – – 13–15 –
Ni – – 5–6 –
K 400–700 – 200–300 –

Mg 39–40 – – 1

2.2. NSS Exposure

The primer was exposed to neutral salt spray (NSS) for 500 h in a test chamber operated according
to ASTM B117 [52].

2.3. Particle Induced Υ (PIGE) and X-ray Emission (PIXE)

PIXE and PIGE were performed on the CSIRO beamline attached to a pelletron at the University
of Melbourne [53]. Three MeV protons were focussed at the target plane to around 2 µm using a
separated quintuplet lens designed for optimal balance between high spatial resolution and maximum
beam current. For this work, beam currents were typically in the 0.5–1.0 nA range. A large area Ge(Li)
γ-ray detector was placed approximately 5 mm directly behind the sample for a maximum acceptance
solid angle. A LiF crystal and pure Al were used for the calibration of the γ-ray detector energy
axis. For PIXE, the 100 mm2 Ge(Li) detector was mounted at 45◦ to the incident proton beam, and
around 3 to 4 mm from the sample. A 100 µm thick pure Al filter was placed in front of the detector to
accommodate trace level heavy element detection limits. Scan areas chosen for analysis varied, but
generally ranged from 10 to 50 µm × 200 µm. The analysis depth was approximately 10–20 µm for
both methods. A schematic for data collection using MicroDAQ [54] is presented in Figure 1. For data
collection, the sample is moved in a grid of points under the proton beam. At each point, PIGE and
PIXE spectra were collected, forming a pixel in a map and making a hyperspectral data set.

After collection, further data analysis was performed using GeoPIXE [55] where regions of
interest (ROI) such as the primer, aluminium alloy or depletion zones were examined in more detail by
extracting spectra from each of these ROIs. Both the Li 429 and 478 keV lines were considered for PIGE
Li analysis, but only the 429 keV peak was employed due to its greater surface sensitivity [47]. In this
case, inelastic proton scattering from the nucleus (written 7Li(p, p’, γ) generates a clear 429 keV γ-ray
signature, making PIGE an excellent technique for following changes in the Li distribution, since Li
comes only from the primer in this study [56]. For PIXE, the signature K and L-series X-ray emission
lines were used for element identification.
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Figure 1. (a) Flowchart and schematic representation of the collection and analysis of X-ray emission
(PIXE) and γ-ray emission (PIGE) data. The sample is scanned under the beam, and at each step a pixel
is generated containing a PIGE and PIXE spectrum, thus forming a hyperspectral dataset; (b) After the
end of the data collection, a total spectrum for the sample must be analysed to extract the regions of
interest (ROI), from which quantitative analysis can be performed if standards have been collected.
Examples of maps, ROI in plan view and PIGE and PIXE spectra from the green region within the
primer; (c) Samples can be examined in section or plan view, depending on how they are mounted.

2.4. Scanning Electron Microscopy

Scanning electron microscopy was performed on a FEI Quanta 400 field emission, environmental
SEM (ESEM) under high vacuum conditions. The samples were examined in a number of configurations.
All samples were coated with around 200 Å of carbon. Samples examined in sections were first cut
using sheet metal cutters, mounted in conducting bakerlite ground, and then polished. Grinding
started with SiC papers (320 through to 2400 SiC), followed by polishing on diamond (8, 3, 1, 0.25 µm)
under a non-aqueous medium. Secondary electron and backscattered electron imaging were performed
using beam energies of 10 kV, and probe currents of approximately 140–145 pA. Some additional
imaging was performed at higher energies to obtain information on subsurface particles, as described
in the Results section. Quantmaps were generated using standardless approaches; however, the
quantmaps were only used to separate the overlapping signals of the Ti K-series lines from the Ba
L-series lines by curve fitting rather than for quantitative analysis.

3. Results

The results section of this paper is divided into the characterisation of the inorganic components
in a polyurethane coating without exposure to NSS and after 500 h NSS exposure. Of particular interest
is the Li distribution in the coating, since this is the active inhibitor component that is expected to leach
out of the coating during NSS exposure.
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3.1. Characterisation of the Primer Prior to Leaching

3.1.1. SEM/EDS

Figure 2 gives an overview of a section through the primer. In this section, the primer had a
thickness in the vicinity of 35 ± 5 µm, contained a high level of solids and was applied to an anodised
layer that was around 2–3 µm, as described in the Experimental section. The primer itself had a high
level of inorganics (PVC was approximately 30%), which is reflected in the high density of particles in
Figure 2. The brightest particles in the backscatter image are BaSO4, which are the easiest inorganic
components to identify. They are generally angular with a range of sizes (slightly less than 1 µm to
over 10 µm, which is consistent with around 90% of the particle sizes for this additive (Table 2)), and
an aspect ratio slightly larger than one (Figure 3b). There were another group of particles with very
little contrast difference from the polyurethane containing Mg, which were assumed to be a mixture
of Magnesium oxides and hydroxides, and will be referred to as Mg-(hydr)oxide in the rest of the
paper. In many instances, they appeared to have a layered structure where the layers had a thickness
typically 250 nm and lengths with a minimum size of around 1 µm, and typically 5–10 µm (Figure 3c),
which was again consistent with the particle size distribution determined from the dispersed particles
(Table 2). Mg-(hydr)oxide particles without this structure were assumed to be rotated so that the layers
were viewed from the top (Figure 3a). The TiO2 was not easily distinguished on the basis of backscatter
contrast, as it was similar to the smaller particles of BaSO4. Finally, there are dark particles (indicated in
Figure 3a) in the film that show C and O peaks, but no significant levels of Ba (from BaSO4), Mg (from
Mg(hydr)oxide) or Ti (from TiO2), implying that they are probably the Li2CO3 particles (Li cannot
be detected in standard EDS). The sizes of these particles were similar to those of the free particle
size distribution for the Li2CO3 particles (Table 2). This last category of particles has similar greyscale
contrast to voids in the coating, making it difficult to distinguish the two without closer examination.
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Figure 2. Backscattered electron images of sections of the primer prior to exposure to NSS. The mounting
medium is at the top of the image, the primer is in the centre, and the AA2024-T3 is at the bottom of
all images.

Table 2. Inorganic additive size distribution presented as the percentage of particles at a particular size
in microns.

Additive 10% 50% 90% 99%

MgO 3.91 8.48 14.58 20.23
Li2CO3 4.78 8.87 13.44 18.26

TiO2 3.22 5.64 8.84 13.94
BaSO4 3.82 6.48 10.19 49.68

Positive identification of each of the inorganic phases using EDS alone is not straightforward.
The inorganic particles sizes ranged from less than a micron up to 10 µm for larger particles, which
meant that only the large particles could be sampled using EDS, with some certainty that interaction
volume effects had been minimised. This can be seen in their respective spectra, where each type
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of particle typically contains some signal from other particles due to the interaction volume effect
(Figure 4). This effect is largest for the smallest particles, which are the TiO2 particles. Compositions
(expressed as ratios of major elements) for the larger BaSO4 and Mg-(hydr)oxide particles are presented
in Table 3. The analyses indicate for BaSO4 that the composition is close to stoichiometric, with perhaps
a small underestimation of O. For Mg-(hydroxyl)oxide, the data indicates a mixture of MgO and
Mg(OH)2. Only C and O were detected in any significant amount for the particles thought to be
Li2CO3, but, given that the samples were carbon-coated prior to analysis, it was not possible to
conclude anything definitive from the quantitative analyses of these particles. It was not possible to
determine the composition of the TiO2 particles because of their small size (Figure 3d). This was not
just due to the sampling volume containing some of the polymer matrix, but it might also contain
other subsurface inorganic particles (see Appendix A).
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Figure 3. Examples of inorganic particles that make up the sample configurations for measuring
Li depletion. Examples of (a) MgO and Li2CO3 partticles, (b) BaSO4 particles, (c) Mg-containing
particles and (d) mixed TiO2 and BaSO4 particles. The dark areas spots show where point analyses
have been performed.
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Figure 4. Typical X-ray spectra for the different inorganic components of the primer system. The arrows
either point to that indicated the elements positions or sit above them. It can be seen that for each
compound, there is some level of “contamination” due to sampling volume effects or small particles.
This is most evident for the small TiO2 particles that show significant Mg levels as well as S, Ba and a
little Al.
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Table 3. Composition (at %) from EDS analysis of inorganic particles in the primer. Each datum is an
average of five determination on large particles. (Data overaged over four analyses).

Particle Type No NSS 500 h NSS

BaSO4 (Ba:S:O) 1.00:1.04 ± 0.05:3.89 ± 0.71 1.00:0.98 ± 0.01:3.51 ± 0.26
Mg-(hydr)oxide (Mg:O) 1.00:1.64 ± 0.11 1.00:0.93 ± 0.15

Li2CO3 (O:C) 1.72 ± 0.21 2.02 ± 0.32

Therefore, as discussed in the appendix, quantitative mapping derived from standardless
fitting of the EDS spectra from hyperspectral data was used to generate elemental maps (Figure 5).
The backscatter electron contrast shows several different types of particles in the primer cross section
in Figure 5a, and the phases are identified in Figure 5b, which is a four-colour map of O (red) Mg (blue),
Ba (green) and S (yellow). Figure 5c shows the Ti-containing particles (pink), the BaSO4 particles, and
highlights the Mg-(hydr)oxide particles. In both Figure 5c,d, there are particles containing O, but none
of Ti, Mg or Ba; these particles are attributed to Li2CO3. Figure 5a–d all show an oxide at the interface,
which is the anodised coating. S was detected in this layer, presumably due to the incorporation of
SO4

2− ions from the anodising process (Figure 5c) [57].
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Figure 5. EDS mapping results for sample without exposure to neutral salt spray (NSS). (a) Backscattered
electron image and maps derived from quantitative analysis, and composite maps for (b) O-Mg-Ba-S
with phase labelling (c) O-Mg-Ti, (d) O-Ba-S and (e) Cl-Ti map. (N.B. colour mixing is not the same as
three-colour mixing). The Li2CO3 was assigned on the basis that only O and C were detected at any
significant levels. The arrow tip in (e) indicates where a very low amount of chlorine was detected.

From Figure 5c, it can be seen that there was a homogeneous distribution of Mg-(hydr)oxide
particles in the coating, with larger particles appearing to be randomly distributed throughout the
coating. The smaller Mg-(hydr)oxide particles also appear homogenously distributed within the
coating. Similarly, Figure 5c suggests a homogeneous distribution of TiO2 particles. The large BaSO4

particles tend to be present as small clusters of two or three particles, which are randomly distributed
throughout the coating, whereas the smaller BaSO4 particles appear more evenly distributed. Finally,
Figure 5e is a map showing the Ti and Cl distribution. There is only one region where a very small
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Cl signal was detected (in the vicinity of the tip of the white arrow in Figure 5e at the periphery of a
BaSO4 particle). The rest of the contrast is due to the presence of Ti. This image is included for later
comparison with the samples that had undergone 500 h exposure to NSS, and is discussed later.

3.1.2. PIXE/PIGE

As reported in the experimental section for the PIXE and PIGE, data analysis begins with the
summed spectrum for the complete mapped region. In PIXE, maps are generated by fitting the X-ray
spectrum, removing the background, and mapping the net counts under the peaks for the elements
of interest. In PIGE, elemental maps were generated by determining the net counts under respective
peaks after a local linear background subtraction.

A typical X-ray spectrum (PIXE) extracted for the primer is presented in Figure 6a. The position
of the X-ray peaks are the same as in normal EDS, since they involve normal K- and L-series lines;
however, the lines are generated by proton interaction rather than electron interaction as in normal
EDS. The PIXE spectrum of the AA2024-T3 is shown in Figure 6b. In the spectrum from the primer
(Figure 6a), the major peaks are Ti, Ba, Fe, Cu, Zn and Zr. Since the primer includes additives such as
TiO2, BaSO4 (and SrSO4 as impurity) and Li2CO3, the Ti, Sr and Ba peaks can be attributed to these
species. The Zr may arise from a coating applied to the TiO2, since Al and Zr compounds are used
to stabilise the TiO2 particles (Table 1). While the Ba and Ti signals overlap in EDS spectra and maps
from the SEM, this effect is considerably reduced in PIXE, because the Ba Kα lines dictate the intensity
in the Ba Lα lines in the 5.0–7.5 keV region of the spectrum. Thus, there is only a small residual signal
of Ba in the Ti map arising from residual fitting errors.
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Figure 6. PIXE (X-ray) spectra of the (a) primer and (b) AA2024-T3. Corresponding PIGE (γ-ray)
spectra of the (c) primer and (d) AA2024-T3. The red lines in (a) and (b) are the fitted curves to the
spectra. The dashed lines in (a) and (b) are backgrounds used in the fitting.

Individual PIGE spectra for the primer and the AA2024-T3 can be extracted from the maps, and
typical examples are shown in Figure 6c,d, respectively. The Υ-ray spectrum (PIGE) shows Li (peak
positions), Al and Mg. Peaks labelled “back” arise from laboratory background signals and are not part
of the sample. The Li peak at 429 keV was used for the determination of the Li distribution. For the
AA2024, Figure 6d only shows the Al and Mg signals.
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The combined PIXE and PIGE maps for a region of a sample prior to leaching is shown in Figure 7.
The Li, Ba, Sr and Ti maps clearly show that these elements are present in the coating. Sr is an impurity
in the BaSO4, and is probably present as SrSO4 (Table 1). It should be pointed out that some of these
elements are present in very low levels, and it is only through the sensitivity of PIXE that they are
detected at all.
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Figure 7. Combined PIXE and PIGE maps for a sample that has not been exposed to NSS. The PIGE
maps (Li-PIGE and Al-PIGE) are labelled as such, and the rest are PIXE maps. The schematic on the
top shows the sample configuration and indicates the direction and interface from which leaching has
occurred. The colour scale is thermal, with warm colours representing higher concentrations.

With respect to the AA2024-T3, the PIXE spectrum of the AA2024-T3 substrate (Figure 6b) shows
Al, Cu, Mn, Fe, Zn, Ga and Zr. The Zr may be an additive used in the formation of ZrAl3 used for
grain refining [58]. Cu and Mn were detected both in the matrix and constituent IM particles, and Fe
only in the constituent particles [59–67]. The presence of Cu and Mn in the matrix can be explained
by a small but significant solubility of Cu in Al, as well as Cu and Mn being present in a number of
IM particles (hardening precipitates (Cu) and dispersoids (Al20Mn3Cu2)), which are much smaller
than the resolution of the technique [68]. Elements such as Ga have been reported before when using
Rutherford Backscattering spectroscopy (RBS) to examine aluminium alloys [69]. In some Al-alloys, Zn
is used for precipitate hardening using the η-phase (Zn2Mg) in 7xxx series alloys [70] but, again, it is
not expected as an alloy addition here, even though Zn is detected in the AA2024-T3 sheet product [60].
In this study, it is associated with Cu-containing constituent particles, and may be present as an
impurity from a mixed stock starting material used to manufacture the AA2024.

Figure 8 shows three-colour maps of the primer region, where Li is in red and Ba is in blue for all
these maps, and green reflects the changing element. The Li-Cu-Ba map indicates the distribution of
the Li2CO3 (red) and BaSO4 (green) particle distributions within the primer, and the Cu (green) reveals
relationship of the primer to the AA2024-T3 substrate. The dark band separating the AA2024-T3 from
the primer in the Cu map coincides with a purple strip in the Al map on top of the metal. In the middle
and top maps, blue is the anodised layer. In the Li-Sr-Ba map, Ba-containing particles are light blue,
indicating a mixing of the colours associated with the Sr (green) with the Ba (blue), which confirms the
presence of SrSO4 in the BaSO4. From these maps, it is clear that there are regions that are rich and
poor in Li2CO3 particles. These regions can be as deep as the coating itself (e.g., point A in Figure 8a)
and 20–30 µm wide. There was no suggestion of layering in these maps.
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Figure 8. Three-colour maps. (a) Li-Cu-Ba, (b) Li-Ti-Ba and (c) Li-Sr-Ba. In all cases, the Li is red, the
barium is blue, the middle element is green; i.e., green changes from top to bottom as Cu, Ti and Sr.

3.2. NSS Exposure and Li Depletion in the Primer

3.2.1. SEM/EDS

As can be seen from Figure 9, exposure to NSS for 500 h resulted in the generation of voids in the
primer, which is assumed to be due to the loss of Li2CO3 particles. At low magnification, it is difficult
to determine the depth of depletion due to the contrast similarity between the Li2CO3 particles and
voids created by their dissolution. On closer examination of individual sites, however, it was clear
that the depth of Li2CO3 depletion varied considerably from place to place along the section of the
primer. In some places, the removal of Li2CO3 particles was from quite deep into the primer to near the
metal/primer interface. Examples in Figure 9a shows the presence of voids due to partial/complete
dissolution of particles, and is magnified in Figure 9c. These voids appear approximately halfway
through the depth of the coating. Figure 9d shows the development of interfacial voids between
the Li2CO3 particles and the polyurethane matrix, in this instance near the primer/anodised/metal
interface. Moreover, channels were often observed at the base of some of these voids, suggesting
that they are not isolated, but connected to other voids. The delamination between the inhibitor
particles and the polyurethane indicates the possible development of further transport networks
within the coating system, as well as changes in chemistry at the interface between these particles and
the polyurethane.

Figure 10a shows a backscatter image of a section of the primer with the various inorganic
additives as discussed above. The quantitative maps in Figure 10b and c show that there is an absence
of large particles near the surface, which only have an oxygen (and carbon) signal and inferred to be
Li2CO3. The Mg-(hydr)oxide, TiO2 and BaSO4 distributions appear to be similar to those of the primer
without NSS. However, the quantitative analyses show that S and O decrease after NSS exposure
of the BaSO4, perhaps suggesting a loss of sulphate ions (the loss of S is roughly 25% the reduction
of O) (Table 2). The Mg-(hydr)oxide data shows that the Mg:O ratio has decreased from 1:1.6 to 1:1,
suggesting that a mixture of MgO and Mg(OH)2, present prior to NSS, may have been transformed to
MgO after NSS exposure. The origin of this transformation is unclear, since MgO is more soluble than
Mg(OH)2 under a range of conditions [70], and it would be expected that exposure to the electrolyte
would result in an increase in the hydroxide. Lastly, it is worth noting that Cl was detected in the



Coatings 2017, 7, 106 11 of 22

coating after NSS exposure, whereas it was not detected prior to NSS (Figure 11). In the sample after
NSS exposure, the chloride appeared to be confined to the polyurethane and was not in either the
voids left by the dissolution of the Li2CO3 particles or delamination around them (Figure 11). As,
an example the spectrum from the region indicated by the circle in Figure 10a is shown in Figure 11.
The implications of these results will be discussed in more detail below.
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Figure 9. (a) Secondary and (b) backscattered electron images of voids resulting from the dissolution
of Li2CO3 inhibitor particles after 500 h NSS exposure; (c) Magnification of (b); (d) Interfacial voids
between the primer and the Li2CO3 inhibitor particles deep in the primer near the primer/anodised
layer interface. Dashed box in (a) indicates the region in (c).
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Figure 10. EDS mapping results for sample with 500 h exposure to NSS. (a) Backscattered electron
image and maps derived from quantitative analysis and composite maps for (b) O-Mg-Ba-S with
phase labelling (c) O-Mg-Ti, (d) O-S-Ba and (e) Na-Ti-Cl map. (N.B. colour mixing is not the same as
three-colour mixing).
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Figure 11. Sample spectra from X-sections of the polyurethane coatings without exposure to (from
Figure 5) and 500 h exposure to NSS (Figure 10), respectively. The points from which the spectra have
been taken are indicated in each figure by the dashed circle.

3.2.2. PIXE/PIGE

PIXE and PIGE maps are presented in Figure 12 for Li, Sr and Ba sections of the samples prior
to NSS and after 500 h NSS. The PIGE results represent an average over approximately 60 µm depth
perpendicular to the X-section of the coating, and thus the average over several particle diameters.
The maps show that Li is locally concentrated into small regions typically 2–10 µm in size, reflecting
the particle size distribution. There is also some suggestion that these features are themselves
interconnected, since the smaller features tend to form larger extended structures, suggesting the
presence of clusters of Li2CO3 particles [71]. In the sample that has not been exposed to NSS, there is a
clean boundary between the primer and the mounting medium. After 500 h NSS exposure, there is a
zone completely depleted of Li2CO3 particles in the surface of the primer, as determined by comparing
the Li distribution with the Ba distribution, and indicated by the parallel white lines. The depth of this
depleted zone is 11 ± 8 µm (Table 4). However, there are also regions where there is a local, selective
removal of individual particles or clusters of particles of Li2CO3 that penetrate much deeper into the
coating. While this cannot be directly confirmed from the PIXE/PIGE, since the Li2CO3 distribution
prior to NSS exposure is unknown for any particular region, the SEM clearly shows voids quite deep
within the coating, suggesting selective dissolution paths (Figure 9).
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Figure 12. Three-colour maps of sections of the coating prior to NSS exposure and after 500 h exposure
to NSS. These maps are combined PIGE (Li–Red) and PIXE, (Sr in Blue and Ba in green). Three colour
elemental maps for Li-Cu-Ba (a) without NSS exposure and (b) after 500 h NSS exposure.
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3.3. Measurement of Li-Depletion

The above data show that Li depletion manifests itself in several separate ways, meaning that
there isn’t a single metric to describe it. Thus, the depletion depth needs to be determined by inference
from the different types of data collected here. In this section, three different approaches to measuring
depletion depth are presented.

The first method is based on elemental line profiles across the coating using traverse profiles by
analysis of the PIXE/PIGE data as displayed in Figure 13. These are constructed by first choosing a
region for the profile, as shown by the green box in Figure 13a. The average counts along a number
of lines (e.g., the red line) at fixed spacing are then determined to produce a point (red point) in the
line profile. Thus integrated elemental profiles for Ti, Ba, Li and Al across sections of the primer are
generated and presented in Figure 13b for the sample without exposure to NSS and that exposed for
500 h (Figure 13c). In this case, Ba and Ti profiles were used as indicators of the coating thickness
based on the assumption that their distributions were unaffected by NSS exposure. (The thicknesses
determined using the Ti maps tended to be slightly larger than those determined from the Ba maps,
which may be due to the Ti particles being finer and closer to the surface of the film). The width of the
profiles shown in Figure 13 are larger than would be obtained from individual line profiles, because
the traverse method averages along a line (red line) at a particular depth through the cross section of
the primer, and thus incorporates surface variation, such as roughness. Figure 13b shows Ti, Li, Ba and
Al traverse profiles for the sample without NSS exposure. The average thickness was 33.7 ± 2.4 µm,
which was determined from five measurements across the coating. (Note: This is different from the
SEM measurement since it is a different region of the sample.) In repeated measurements, the Li
profiles showed that there was a region near the surface where there was a lower concentration of Li
for the sample without NSS exposure. Such a region is indicated in Figure 13b and labelled the “skin
layer”. This may be due to fewer smaller Li2CO3 particles compared to the other additives (Table 2).
The thickness of this zone of lower concentration (skin layer) appeared to be in the vicinity of 3–5 µm,
as determined from line scans (not the traverse method).

The thickness for the sample exposed for 500 h to NSS was 45.4 ± 6.5 µm, which was determined
in the same fashion as the sample without NSS exposure. In this instance, the depleted zone near
the surface was in the vicinity of 11 µm (Table 4). As stated in the experimental section, the actual
Li concentrations are difficult to determine in a complex matrix such as the polyurethane with a
heterogeneous distribution of inorganic additives. However, in Figure 13c the Al PIGE profiles have
been adjusted to have the same level of counts in the metal, which allows a qualitative comparison of the
Li profiles. The position of the surface is indicated for both profiles, remembering that the two samples
have different coating thicknesses. It can be seen that there is depletion of Li from a greater depth into
the primer for the coating exposed to NSS for 500 h. Moreover, there is significant Li depletion from
the body of the coating to around 30% of the level in the sample without NSS, indicating a depletion
of Li from within the coating. This is probably due to dissolution of the surface on Li2CO3 particles,
which are deeper in the coating.

Table 4. Characteristic thickness of Li-depletion zones in microns.

Sample Total Thickness
(µm)

Skin Layer
(µm)

Homogenously
Depleted Zone (µm)

Deepest
Depletion (µm)

SEM No NSS 33.5 ± 5 3–4 – –
PIXE/PIGE No NSS 33.7 ± 2.5 Up to 5 – –

PIXE/PIGE 500 h NSS 45.4 ± 6.5 – 11 ± 8 25
SEM 500 h NSS 32.6 ± 1.0 – 9–12 Film thickness

A second method for determining the depletion depth was applied based on the local absence of
Li from the PIGE Li map of the cross section of the film. In this method, the local depletion of Li was
assessed compared to the thickness of the primer coating, as shown in Figure 14a (white dashed line).
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A drawback of this method is that the Li2CO3 distribution prior to the NSS exposure is unknown, so,
while the absence Li2CO3 particles in any particular region of the primer coating is assumed to be due
to inhibitor loss, in reality it will include regions where there were no Li2CO3 particles to start with.
As expected, the depletion measured using this method shows a larger zone of depletion for the 500 h
NSS exposure sample than the sample without exposure to NSS (“SEM 500 h NSS” under “Deepest
Depletion” Table 4). The absence of Li at the top of the coating with 500 h NSS exposure is inferred
from the EDS measurements presented in Figure 10b. This provides the second method for depletion
thickness determination being in the region 9–12 µm, which is similar to that measured using the PIGE
traverse approach.
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Figure 13. Traverse elemental profiles. (a) Example of a traverse profile where a region is chosen for the
profile (green box) and individual elemental intensities are averaged along a line (red line) to produce
a point on a line profile (red point); (b) Profiles for Ti (PIXE), Ba (PIXE), Li (PIGE) and Al (PIGE) across
the without NSS. Ti and Ba signals are multiplied by five to show the skin layer. (c) PIGE profiles for Al
and Li without salt spray and after 500 h NSS. Note the thickness of the coatings are different and the
surface is indicated by markers. The 500 h NSS results have been adjusted so that the Al intensity from
both conditions is the same, thus allowing qualitative comparison between the two Li profiles.

A third approach is to use SEM to determine the deepest point where there are voids (assumed to
be due to Li2CO3 dissolution) in the coating. An example of void distribution for the sample exposed
for 500 h to NSS is shown in Figure 14b, and voids can also be seen in Figure 10a. Summary depletion
depths for the deepest depletion are presented in Table 4. Figure 14c is a higher magnification image
of the region near the surface showing the extent of interconnection between the voids, which indicate
a cluster formation, as previously reported by Hughes et al. for chromate clusters in an epoxy-based
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coating [72–74]. These data show that local depletion within the coating can be considerably deeper
than the homogeneous depletion depth.
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Figure 14. (a) Example of the local dissolution front on the three-colour map of the sample exposed
to NSS for 500 h; (b) Secondary electron image of the distribution of voids within a region of the
sample exposed to NSS for 500 h; (c) Enlargement of the region within the square in (b) showing
the connectivity between the voids. The voids are assumed to be due to the dissolution and loss of
Li2CO3 particles.

4. Discussion

In this paper, the combination of SEM/EDS and PIXE/PIGE have been used to investigate the
distribution and chemical composition of inorganic components in a polyurethane coating prior to and
after NSS exposure. The SEM/EDS results show that particle sizes observed in the coating are similar
to those measured on free particles. They also show that the smaller particles of each type tend to be
more homogenously dispersed than the larger particles. In the case of Li2CO3, which has fewer small
particles, this appears to result in a “skin layer” near the surface where there are far more smaller TiO2,
BaSO4 and Mg(hydr)oxide particles.

It was shown that (semi-) quantitative analysis can be used to separate the distribution of TiO2

from BaSO4 in SEM/EDS, and in PIXE these are separated using the Ba Kα line. PIXE was also
able to identify the presence of Sr in BaSO4. Upon exposure to NSS, SEM/EDS was able to provide
useful information on the loss of Li2CO3, even though Li could not be directly detected. This was
achieved using a combination of PIXE and PIGE to show that there was loss of Li accompanied by a
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change in the morphology of the coating through the formation of voids via dissolution of Li2CO3

particles. Moreover, there were other changes in the coating, such as the change in the Mg:O ratio of
the Mg-(hydr)oxide upon NSS exposure.

The results presented here show that the determination of a Li2CO3 depletion depth in organic
coatings is complicated by the types of technique available to detect Li, as well as the morphology of the
depletion itself. In the former case, none of the techniques presented here can be individually be used
to determine the level of leaching. In the case of the PIGE, while it is possible to map the Li distribution
and show that there is a region of homogeneous depletion as well as possible local depletion, this data
needs to be supplemented by SEM and PIXE. In the case of SEM, it is necessary to ensure for regions of
apparent depletion that voids, which indicate the depletion, have been created through the dissolution
of Li2CO3 particles. This is to distinguish leaching phenomena from inhomogeneous distributions of
Li2CO3 particles. PIXE is also required to supplement the PIGE results, since other inorganics in the
coating act as markers for the coating thickness. Examples include the Ba and Ti distributions, which
have been used here to determine the coating thickness.

The combination of PIGE/PIXE and SEM/EDS reveal that depletion of Li from the Li2CO3 loaded
primer after 500 h NSS exposure is a complex process. First, there is the development of a uniform
depletion zone from the surface. The changes to Mg-(hydr)oxide may lead to additional pathways for
the release of Li2CO3 that has not been released up to that point. The presence of local depletion of
Li2CO3 penetrating further into the coating below this zone, rather than uniform depletion, suggests
that clusters of Li2CO3 particles are involved in the release process. Release from a cluster involves (i)
direct connection of the cluster to the external electrolyte and (ii) gradual dissolution from the cluster.
The gradual dissolution need not necessarily move as a “front” through the cluster (i.e., particles
nearer the surface must completely dissolve before the next particles can dissolve), but may occur
through the simultaneous dissolution of particles at different depths in the clusters, which is dictated
by transport of the inhibitor through the electrolyte in the cluster/void structure. The creation of these
voids generates a fractal network that acts a porous medium. Small voids and delamination from the
polyurethane observed around Li2CO3 particles support this hypothesis. The detailed dynamics of
the release would need to be determined as a function of time and cannot be revealed here, since only
two times were examined. These concepts are summarised in Figure 15. It should be noted that in
the chromate case, these pathways were important because the size of the chromate ion meant that it
could not diffuse through the epoxy, only through channels created by the dissolution of the chromate
particles. In the case of Li2CO3 dissolution, while it is possible that the Li ion might be small enough to
diffuse through the polyurethane by itself, it is much more likely to diffuse through channels connected
to the external electrolyte and created by the dissolution of clusters of Li2CO3 particles themselves.

Finally, Figures 5e and 10e show a Ti-Cl and a Ti-Cl-Na map for 0 h NSS and 500 h NSS, respectively.
Neither Na nor Cl was detected in the primer coating without exposure to NSS; however, both were
detected in the sample exposed to NSS for 500 h (Figure 10). The intensity of Na and Cl varied across
the sample exposed to 500 h NSS, which suggested separate pathways for the diffusion of each of
these ions. It was not significant in any of the larger inorganic particles, and only appeared in the
polyurethane matrix. Significantly, it was not observed near channels created by the dissolution of the
Li2CO3. In a model where the leaching is via transport paths created by the dissolution of the Li2CO3

particles, the role of the external electrolyte needs to be considered. The voids created by the interfacial
interaction of inhibitor particles or their complete dissolution appear to be clean in the SEM studies
presented here. This suggests that there must be liquid in the voids that is lost during the sample
preparation process, for if there were precipitates in these voids, the preparation procedure would
capture it (non-polar solvents were used for preparation, so dissolution of precipitates is unlikely).
Na and Cl were only detected away from the Li2CO3 particles, either in the polyurethane matrix or in
other pathways originating from interfaces between the polyurethane and the non-inhibitor inorganic
components. This suggests that only water without the salt components (Na or Cl) diffuses into
the inhibitor pathways. This is probably because these pathways, generated by Li2CO3 dissolution,
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quickly become saturated with ions from the inhibitor phase, providing an ionic barrier to ions of the
external electrolyte. It could also be concluded from these observations that the transport of electrolytes
through the coating is complex, with multiple and separate pathways for the external electrolytes and
the “internal electrolytes” (water with inhibitor ions): an area that warrants further investigation.
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Figure 15. Model of leaching from the Li2O3-inhibited primer based on the observations for 500 h
exposure to NSS. Leaching appears to occur both uniformly as well as locally. The uniform depletion
appears to be associated with changes in coating, whereas the local depletion appears to be associated
with selective removal of Li2O3 particles.

5. Conclusions

PIGE, PIXE and SEM/EDS have been used to study the distribution and chemistry of inorganic
components in a polyurethane coating prior to and after 500 h NSS exposure. Prior to NSS exposure, the
PIGE results revealed that there was a zone (3–4 µm deep) near the surface of the primer that appeared
to have less Li2CO3, thus forming a type of “skin” layer. This “skin” layer had smaller particles of TiO2

and BaSO4. After NSS exposure, the PIGE results indicated that there was a homogeneously depleted
zone extending from the electrolyte/primer interface into the primer (in this case around 11 µm),
plus local depletion penetrating much deeper into the primer with a maximum measured depth of
around 25 µm. The deeper local penetration was confirmed using SEM, where voids created by partial
and complete dissolution of Li2CO3 particles were observed extending deep into the primer towards
the metal/primer interface. Magnesium hydroxide/oxide particles also appeared to undergo some
change with exposure to NSS, with the Mg:O ratio moving closer to 1. The other inorganic particles
(TiO2 and BaSO4) appeared unchanged upon NSS exposure. There was some evidence of chloride
penetration into the polyurethane component of the primer, but not within the channels created around
the Li2CO3 particles.
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Appendix A

The influence of subsurface particles can be seen in Figure A1, which shows images of the same
region collected at different accelerating voltages. The ellipses, highlighted using dashed lines in
Figure A1a, show two regions where, with increasing voltage, subsurface BaSO4 particles become
evident. Thus, the contribution from subsurface particles may distort the analysis of small particles.

EDS maps for a section of the primer are displayed in Figure A2. These maps highlight the
difficulty of using EDS mapping alone to study the distributions (and redistribution after leaching) of
all the phases that comprise the primer coating. Elements such as Cu and Fe result from changes in
the background level in the spectral region of the Kα lines of these transition metals. Of course, the
presence of an element in a particular region of the map can and should be checked using EDS spectra
where a change in background is easily distinguished from a peak. However, overlapping lines are a
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different issue. This is important from the perspective of following the changes in primer additives,
such as with Ti and Ba, where overlapping lines give misleading information on the distribution
of these particles. In this case, the overlapping lines show a co-incidence of Ti- and Ba-containing
particles on their respective maps (Figure A2). The overlap in the X-ray lines themselves is clearly seen
in Figure 4, where the Ti Kα lines overlap with the Ba L-series lines, and the Si Kα overlaps with the Sr
Kα lines. This can only be resolved using a fitting of the EDS spectra, such as that which is achieved
when quantifying the spectra. This approach has been used in this paper.
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