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A B S T R A C T

Studies of Li depletion in sections of a Li2CO3-primer comprising a polyurethane binder, MgO, TiO2, BaSO4 in
addition to Li2CO3, were performed using a combination of particle induced γ-ray and X-ray emission spectro-
scopies along with SEM/EDS analysis. A mixture of depletion behaviours was observed. At the earliest stages (to
around 48 h) initial release was confined to the surface. At longer times (168 h) voids developed deeper into the
primer and after 500 h Li2CO3 dissolution was observed at places throughout the thickness of the primer to the
metal/primer interface. Microscopic transport pathways formed which involved all large inorganic particles.
SEM showed that rupture of the polyurethane matrix contributed to network formation. Finite element analysis
indicated that rupture may be due to internal stresses around particles isolated in the polyurethane matrix and
associated with water uptake. Thus the transport network seemed to be generated by chemical dissolution at the
particle/polymer interface and may be enhanced by mechanical degradation due to internal mechanical stresses.
The release kinetics of the Li2CO3 inhibitor from the primer was followed as a function of time and the data
analysed according to a release behaviour of tn. There was very rapid initial release of Li followed by a slower
release of Mg and to a lesser extent Ba. The value of n varied significant with time, but showed a mixture of
Fickian release and direct dissolution for Mg and Ba at intermediate times, but transport through a pore network
at longer times. The leaching data was interpreted in terms of local transport networks that developed in the
primer with time.

1. Introduction

For many years now there has been a drive to remove chromates
from corrosion protection for a range of metals in different applications
[1–3]. This has led to an extraordinary level of research into inhibitor
and coating technology [4–11]. The challenge for chromate replace-
ments is greatest in the aerospace industry where high performance
standards are required for new inhibitor systems [11–13].

In recent years, primers containing inorganic Li-based salt as the
active inhibitors have received considerable interest as a potential re-
placement for chromate-based inhibited primers in aerospace applica-
tions [14–21]. Recent Tof-SIMS studies have shown that the prevention
of corrosion in scribes made through a Li2CO3-based model primer is
achieved through the formation of a mixture of pseudo–boehmite (pB)

and layered double hydroxide (LDH) components [22]. The protection
of the scribe occurs relatively rapidly (within 15min) [22] through the
formation of a mixture of pB and LDH both of which contain Li. The
ratio of the mixture of phases favours the LDH at longer times. LDH
which include hydrotalcites, have been investigated for many years as
potential replacements for chromate [23–30] as have pBs [31–34],
however, the novelty of the current approach is the incorporation of a
simple Li salt into a primer coating where it subsequently leaches into a
defect where the mixture of LDH and pB forms.

For the protective layer to develop in the scribe in such a short
period of time there must be rapid initial release of the inhibitor from
the primer. Water uptake and leaching kinetics for inhibited primers
have been the subject of a number of studies [4,35–41]. Water uptake is
generally quick occurring well within the first few hours of exposure of
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a coating to an electrolyte [42–47]. This rapid initial uptake is proposed
to occur through the free volume of the polymer [48–50]. This uptake is
accompanied by the release of inhibitors which increases with time
after the initial water uptake had slowed. The release of inhibitor leads
to a depletion zone in the primer. Recent studies [51,52] show that the
depth of depletion of an inhibitor may manifest in a range of different
ways. It may be a zone of lower inhibitor concentration that moves as a
front through the primer (although the “granularity” of this zone will
depend on the size of the particles compared to the thickness of the
zone and the probing scale). Alternatively, there may be no evenly
depleted zone but a front consisting only of fibrils penetrating deep into
the primer resulting from the preferential dissolution of connected
clusters of particles. The release of inhibitor through these different
structures will be goverened by transport kinetics of cation and anion
species migrating out to the external electrolyte and also migration of
species from the external electrolyte into the primer.

The increase in inhibitor concentration in an electrolyte is often
interpreted in terms of a power law behaviour used to describe release
kinetics as a function of time (i.e. tn) with a focus around Fickian dif-
fusion where n= 0.5. Many studies find faster release kinetics at short
immersion times which are attributed to direct dissolution into solution
of the active species from the coating matrix [39,53]. An alternative
explanation is that this “fast release” behaviour can be obtained
through overlapping release profiles (from individual particles) into
solution [36]. At longer release times, a number of studies have found
release kinetics that are much slower than Fickian (n<0.5) (sometimes
called pseudo diffusion [53]) and typically around 0.25 [35,37,39,40].
One explanation for this slower release rate behavior is based on
transport of inhibitor species through a pore network created in the
coating by the dissolution of inhibitor particles [41]. In this scenario n
≈ 0.33. Changing diffusivities (e.g. due to pore blockage) may also lead
to lower indices [54] so a mixture of behaviours might be expected for
inhibitor release from primers.

As noted above, the vast majority of studies of leaching from in-
hibited primers focus on release kinetics and use electrochemistry to
explore leaching behavior [45,55–59]. There are fewer physico-che-
mical studies which look in detail at the physical and chemical changes
in the primer [60] as a result of leaching and fewer still which in-
vestigate the role of mechanical degradation resulting from water up-
take and inhibitor dissolution on the generation of transport structures
in coatings [61,62] although there are some which consider the influ-
ence of inorganic fillers in swelling of coatings [63–66]. So, in this
paper the authors examine the leaching of components of a Li2CO3-
loaded polyurethane primer which contains in addition to the inhibitor,
the inorganic phases magnesium oxide (MgO), barium sulphate (BaSO4)
and titanium dioxide (TiO2). Characterization studies have been un-
dertaken to follow the depletion of leachable materials from the primer
for a range of times up to 500 h exposure to neutral salt spray (NSS).
The characterisation was performed using scanning electron micro-
scopy (SEM) with energy dispersive X-ray spectroscopy (EDS), and the
nuclear microprobe techniques of proton induced X-ray and γ emission
(PIXE and PIGE respectively) spectroscopies. These different techniques
have been combined to identify changes that occur in the primer during
leaching, particularly the formation of voids that may develop into
continuous channels for the transport of inhibitor and other compo-
nents of the system. Some configurations of void structures and in-
organic particles were then used as the basis for finite element analysis
(FEA) in an attempt to qualitatively explore how internal stress due to
water uptake might influence the generation of those voids within the
primer. While FEA has been successfully used in corrosion studies [67],
there is little in the way of FEA analyses of coatings containing in-
organic phases, apart from some of our previous work [61]. This is
probably due to the difficulty of obtaining data for the mechanical
properties of the inorganic phases. Finally, leaching of Li, Mg and Ba
was followed as a function of immersion time using ICP-AES analyses of
leachate solutions. The leaching behavior was interpreted in terms of a

tn behavior and the trends observed in the leaching experiments were
interpreted in terms of the physical observations and FEA analyses. On
the basis of these data a model is developed on the release of Li2CO3

from the polyurethane which involves all the inorganic phases in the
coating as well as mechanical stresses.

2. Experimental

2.1. Materials and sample preparation

The coating studied in this work was a high solids primer for-
mulation based on a polyurethane (PU) resin crosslinked with a poly-
isocyanate curing agent and formulated to a pigment volume con-
centration (PVC) of 30% as described elsewhere [20]. The PU is a
Desmophen® polyester polyol that is used in the performance coatings
industry due to its stability under outdoor conditions and chemical
resistance. The inorganic pigments included Li2CO3, MgO and BaSO4

fillers and TiO2. Trace element analyses of the various inorganic com-
ponents 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 me-
tals (Na, K) in the range 400–800 ppm by weight. Particle size dis-
tributions for these additives were determined by dispersing in a sol-
vent which was methylethylketone for MgO (d50 8.5 μm), TiO2 (d50
5.6 μm) and Li2CO3 (d50 8.9 μm), where water was used for the BaSO4

(d50 6.5 μm). The BaSO4 particles had the largest particles (d99 50 μm)
and the largest spread in particle sizes. The TiO2 particles were the
smallest (d99 14 μm) and slightly smaller than the MgO (d9920 μm). The
Li2CO3 particle size distribution ranged up to 18 μm (d9918 μm). The
solubilities of these inorganics as well as some other related compounds
are listed in Table 2 [68].

AA2024-T3 was used as a substrate for the coating; a typical com-
position for this alloy is reported elsewhere [69]. The AA2024-T3 was
prepared by standard anodising according to aerospace requirements
(AIPI 02-01-003) at Premium AEROTEC, Bremen Germany. This in-
cluded 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 approximately 30 μm; in practice the
coating was typically 30–40 μm. Finally the primer was cured for 16 h
at 23 °C / 55% RH followed by a 30min baking cycle at 80 °C.

Neutral salt spray (NSS) exposure was used for physico-chemical
analysis, with primer-only samples being exposed for times up to 500 h
in a test chamber operated according to ASTM B117. For the leach-rate
determination, coupons coated with the primer (surface area of 28 cm2)
were immersed in 50ml deionized water. Aliquots were taken from the

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

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
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solutions and then the solution was replaced with fresh demineralized
water after regular intervals from 5min up to 192 h immersion. The
aliquots were acidified with nitric acid to a concentration of 0.1 M and
analysed with inductively coupled plasma atomic emission spectro-
scopy (Arcos NT ICP-AES) using scandium as an internal standard. All
leaching measurements were performed in duplicate. For immersion
experiments, to ensure sufficient leaching from the primer, 20 parallel
cuts with a length of 5 cm (total 100 cm) were scribed into the coating
before the immersion. It should be noted that all sections presented in
this paper are taken well away from the scribe and did not exhibit any
underfilm or through film corrosion after any period of NSS testing.

2.2. Scanning electron microscopy

Scanning electron microscopy was performed on a FEI Quanta 400
field emission, ESEM under two sets of conditions. Imaging and EDS
map collection from the primer sections were performed under high
vacuum conditions. All samples were coated with around 200 Å of
carbon using a carbon electrode evaporation unit. Sample sections were
mounted, 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). All grinding and polishing was performed under either pet-
roleum spirit for SiC papers or Buelher polishing lubricant for diamond
stages to avoid unintended dissolution of inhibitor or other particles. It
was found that using water or solvents that are azeotropes at the SiC
stage resulted in deep loss of Li2CO3. Secondary and backscattered
electron imaging were performed using beam energies of 10 kV and
probe currents of approximately 140 to 145 pA. Quantmaps were gen-
erated using a standardless approach, however, the quantmaps were
only used to separate the overlapping signals of the Ti K-series lines
from the Ba L-series lines using curve fitting.

For the plan view examination of the surface of the primer under
SEM, different sample preparation conditions were used. Samples were
mounted using double sided carbon tape and carbon dag to form a
connecting path between the top surface of the primer and the
mounting stub. The samples were then coated with 50 nm of carbon
using a coater (Leica EM ACE 600). In order to obtain good spatial
resolution needed to find entry pores into the surface of the primer
resulting from the dissolution of particles, low voltage imaging at 3 KeV
and at a probe current of approximately 100 pA, was performed.

2.3. PIXE and PIGE

PIXE and PIGE have been described in detail previously [15,70].
3MeV protons were focused on the sample to approximately 2 μm using
a separated quintuplet lens designed for optimal balance between high
spatial resolution and maximum beam current. Beam currents were
typically in the 0.5–1 nA range. A large area Ge(Li) ϒ-ray detector was
placed approximately 5mm directly behind the sample for a maximum
acceptance solid angle. A LiF crystal and pure Al were used for the
calibration of the ϒ-ray detector energy axis. For PIXE, a second 100
mm2 Ge(Li) detector was mounted at 45° to the incident proton beam

and 3–4mm from the sample. A 100 μm thick pure Al filter was placed
in front of the detector to reduce overall X-ray intensity. Scan areas
chosen for analysis varied, but generally ranged from10 to 50 μm
x 200 μm. The analysis depth was approximately 10–20 μm for both
methods. For data collection the sample was moved in a grid of points
under the proton beam. At each point PIGE and PIXE spectra were
collected for each pixel thus forming a hyperspectral data set.

After collection, further data analysis was performed using GeoPIXE
[71] 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 em-
ployed due to its greater surface sensitivity [15]. In this case inelastic
proton scattering from the nucleus (written 7Li(p, p’,ϒ) generates a
clear 429 keV ϒ-ray signature, making PIGE an excellent technique for
following changes in the Li distribution since Li comes only from the
primer in this study [72]. In PIXE the signature K and L-series X-ray
emission lines were used for element identification.

2.4. Finite element analysis

To model the influence of internal stresses, finite element analysis
(FEA) was adopted to follow the resultant von-Mises stress and shear
strain distributions. The ANSYS Student version 19.1 is a software
package that enables the modelling of mechanical behaviour of mate-
rials in various modes such as under either tensile, compression, or
bending loads. The module “Static Structural” was used to simulate the
coating and the fillers. All the connections between fillers, coating
layers, and substrate were set to “Bonded”. In this instance “bonded”
means that the contact surface has maximum friction such that the two
bodies are stuck to each other and cannot move with respect to each
other. As such the application of force on either one of the bodies will
influence the other depending on the latter's mechanical properties, but
the latter will not show a physical displacement away from the former
body. In practice this may mean that the two dissimilar materials are
chemically or mechanically bonded at the interface but there is no
formal relationship between the two. A geometric mesh comprising
nodes and edges was used to model the sample. This mesh was de-
pendent on certain parameters, where the smoothing option was ad-
justed to “medium” and the transition to “fast”, along with the span
angle center kept at “coarse”. The smoothing enabled a more refined
repositioning of the nodes, and the transition determines the rate of the
growth (formation) of adjacent elements while the mesh is being
formed, with ‘fast’ denoting abrupt changes in properties. Span angle
center defines the angular parts formed in a curvature based region,
with “coarse” being angles from 91° to 60°. If the fillers have to be
viewed in a smaller dimension, or lesser inter-filler distance, the span
angle may be kept lower than coarse, so that tiny elements may be
formed and point to point strain pattern may be seen. However, in our
case, the “coarse” option gave sufficiently understandable results. The
posterior side and the bottom of the length of the structure was con-
stricted using the fixed support. A pressure of 0.01MPa was applied to
one of the faces of three of the voids in the model in a direction normal
to the face. The results of the analysis have been presented in the form
of von-Mises strain and shear strain. The software comes with a library
of materials (non-metallic, metallic, gaseous, magnetic, etc.) with their
chemical and physical properties, however, none of the inorganics in
the primer were listed in the standard database in the software library.
So polyurethane foam (flexible) was chosen for the binder in the
coating and a mixture of either titanium alloy, magnesium alloy, si-
licon, and aluminium alloy particles were chosen to represent the in-
organic components of the primer. There was no one-to-one correlation
with these metals and the inorganics in the primer. The material
properties of AA2024-T6 were used to model the AA2024-T3 substrate.

Table 2
Solubilities of various inorganic compounds present in the coatings.

Compound Solubility in H2O
g/100 ml

Conditions

Li2CO3 1.29 25°C
LiOH 12.8 20°C
Li2SO4 26.1 20°C
Mg(OH)2 0.00064 25 °C,

0.004 100 °C
MgO 0.00062 0°C

0.0086 30 °C
MgSO4 20 20°C
MgCO3 0.01 20°C
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3. Results

3.1. Characterisation of leached primer

3.1.1. External primer surface
Fig. 1(a) shows a low magnification secondary electron image of the

external surface of the primer prior to any NSS exposure. A “cell”
structure is apparent on the surface where there are regions of high
particle density (Fig. 1(c)) which are surrounded by a network con-
taining very few particles as in Fig. 1(b). This structure is thought to be
due to the creation of Bénard cells which have been reported to be due
to differences in surface tension across the surface of the drying primer
[73,74]. Since the samples were also scribed the cut edge of the scribe is
also presented in Fig. 1(d) and (e). In the following the focus is on the
regions with a high density of particles and not on the cell structure
formed by the Bénard cells.

Fig. 2 (a) to (d) shows plan view secondary electron images of the
surface of the primer after various exposure times to NSS. Prior to NSS
(0 h, Fig. 2 (a)), numerous particles were observed at the surface of the
coating within the cells. Many of these particles are Mg-containing as
determined using X-ray spectra (EDS), however, as explained in the
experimental section these analyses were taken under conditions where
the accelerating voltage was only 3 kV, so neither backscatter contrast
nor X-ray emission were available to identify the different particles. For
the sample without NSS exposure there were virtually no pores detected
on the surface of the primer. However after 8 h NSS exposure some
pores were evident on the surface (e.g. blue arrows in Fig. 2(b)) and the
number increased after 96 h NSS exposure (Fig. 2(c)). These pores
probably represent the direct dissolution of either Li2CO3 particles or
clusters into solution. In addition to the pores there were changes in the
appearance of the MgO particles which had an open, coarse porous

structure prior to NSS exposure (Fig. 2(e)) which changed to a finer
structure (Fig. 2(f)) after 8 h exposure. It is not clear from this data what
these changes are related to. After 168 h NSS most of these features had
been removed and the number of pores had significantly increased
suggesting an increase in the number of particles that had undergone
surface dissolution leaving pores behind. The pore density on the ex-
ternal surface, obtained by counting the number of pores per unit area,
thus increased during NSS exposure as shown in Fig. 3 indicating
leaching of particles from the coating. The particle density in the region
within the Bénard cells was a few orders or magnitude larger than the
pore density indicating that there were many particles that did not
dissolve due to perhaps low solubility or being covered by a thin layer
of polyurethane.

3.1.2. Primer sections
Fig. 4 shows backscattered electron images of sections of the primer

coatings prior to NSS exposure as well as after 8, 48, 96, 168 and 500 h
NSS exposure. The brightest particles in these images are the BaSO4

particles which also contain some Sr [75]. Smaller bright particles are
either small BaSO4 or TiO2 particles. It is not possible to distinguish
these particles based on backscatter contrast alone. They can, however,
be distinguished using EDS as seen in Fig. 5(a) to (f) for all exposure
times and prior to NSS exposure. These maps are composed of multi-
element EDS maps with the elemental colour designation shown in the
legend at the bottom of each map. Quantitative analysis was performed
on the data to generate these maps. This was necessary to separate the
overlapping Ti Kα line from the Ba Lα lines using curvefitting. In this
fashion the TiO2 contribution can be made distinct from the BaSO4

contribution. From the combined EDS elemental colour mixing the
BaSO4 is a light olive-green, MgO is purple to blue (with the colour
variation reflecting a changing composition), the Li2CO3 is red because

Fig. 1. (a) Low magnification secondary elec-
tron image of the primer surface prior to any
NSS exposure. There is a cell structure on the
surface with regions where there are few to no
particles as in (b) and where there are nu-
merous particles as in (c). Backscattered elec-
tron images of the scribe (d) without NSS and
(e) at higher magnification.
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it only has an oxygen contribution since Li cannot be detected using
standard EDS (and C is not selected). Using only O for identification has
previously been established using a combination of PIXE and EDS [75].
The small TiO2 particles are a salmon-pink colour.

At the shortest exposure time of 8 h only a few pores are evident
near the surface. Presumably these pores originate from Li2CO3 parti-
cles that have dissolved from the surface during initial rapid release as
reported by Visser et al. [18]. The lack of extensive pore formation
within the surface indicates that Li2CO3 dissolution is very local and
presumably involves particles that are directly connected to the ex-
ternal electrolyte. The observations are similar for the 48 h sample.
However, at 96 h NSS exposure some isolated particles are removed
from deeper within the primer which is more apparent in the 168 h and
500 h samples (Fig. 4). There is also apparent delamination/dissolution
around subsurface Li2CO3 particles as well as other particles such as the
MgO and BaSO4. This suggests that all inorganics experience changes at

the interface with the polyurethane matrix as a result of NSS exposure.
At the longest NSS exposure times (168 and 500 h), the EDS maps

show a loss of Li2CO3 (red particles) from the primer (Fig. 5); this is
particularly obvious in the 500 h NSS exposure cross section. For the
Mg-containing particles there is a colour change from a purple-blue to
blue which indicates that these particles have less oxygen in them.
(Note: Fig. 5 is a quantmap so colour changes represent concentration
changes.) A more detailed determination of the Mg/O ratio for in-
dividual particles shows that the reduction in oxygen content occurs
early during the NSS exposure as shown in Fig. 6. This may mean that
leachable Mg(OH)2 is preferentially dissolved from the MgO particles.
The Mg(OH)2 probably forms during air exposure while in storage or
the early stages of water uptake.

In summary from the EDS, it seems that Li2CO3 is gradually depleted
from the primer, initially, by direct dissolution from the surface (or
through a thin skin layer) and this is followed by removal at longer

Fig. 2. SEM of top surfaces of coatings (a) before and after (b) 8 h, (c) 96 h and (d) 168 h of NSS. Examples of (e) Mg-oxide/hydroxide prior to NSS and (f) after 8 h
NSS. Blue arrows in (b) indicate sites of pores (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.).
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exposure times from deeper within the primer. At 168 h, a depletion
zone from the surface has begun to form and this is clearly seen after
500 h exposure. Other inorganics are also affected by exposure to NSS
with the Mg-oxide showing morphological changes on the external
surface of the primer after only 8 h as well as compositional changes in
the body of the coating. The changes to these particles is extensive after
500 h NSS exposure. Some changes to the BaSO4 particles were ob-
served at 500 h NSS. No changes were observed to the TiO2 particles.

3.1.3. Depletion depths
In this section PIGE and PIXE are used to examine the Li, Mg, Ba and

Ti distributions within the coatings at different NSS exposure times and
this information is combined with the EDS and SEM results repoted
above.

Fig. 7 gives a general overview of the PIGE and PIXE data which is
presented as three colour maps. The Li (red) and Mg (blue) distribution
in the primer, and Al (green) from the alloy show the relative positions
of the coating with respect to the underlying AA2024-T3 in the PIGE
maps (Fig. 7, left). The Li (PIGE - red), Ti (PIXE - green) and Ba (PIXE -
blue) distributions (Fig. 7, right) show the distribution of the TiO2 and
BaSO4 with respect to the Li2CO3, thus, both sides of Fig. 7 capture all
the major inorganic phases within the primer. As reported previously
the TiO2 particles appear to be unaltered by the exposure to NSS, thus
its distribution can be used to estimate the primer thickness and by
comparison to the other elemental distributions, can be used as a
measure of their level of depletion [75]. In the PIXE there appears to be
a “Ti-rich” outer layer in the 0 h NSS, although it is most obvious in the
500 h NSS sample. This TiO2 layer is thought to be due to the smaller Ti
particles being better accomodated closer to the surface of the primer
than the other larger inorganic particles, although clearly as seen in
Fig. 2 some of the larger particles can be seen at the surface of the
coating.

The Li-Al-Mg PIGE maps (Fig. 7, left) show that both the Li2CO3 and
MgO form a well defined, co-incident layer. The maps also show that
there are areas where the local concentration of Li2CO3 is much lower
than elsewhere in the coating (see A and B in Fig. 7(a)). These regions,
which also have lower MgO, BaSO4 and TiO2 levels, penetrate some
20 μm from the external surface towards the primer/metal interface.
The distance between A and B is of a similar magnitude to the Bénard
cell structure reported in Fig. 1 and Fig. 2. It is important to identify
these types of structures when determining depletion depths as they
could be mis-interpreted as regions of depletion due to leahcing. On
comparing the Li-Ti-Ba maps to the Li-Mg-Al maps, it appears that the
layer defined by the Li and Mg profiles are generally thinner than the

primer thickness as defined by the Ti map for all NSS exposures. This is
most clearly evident for longer times where there is a depletion zone of
Li and Mg that penetrates well below the surface as defined by the Ti
map as discussed above.

One approach to measure a depletion zone with this data is to create
a traverse which is depicted in Fig. 8(a). The area to be analysed is
identified by the green rectangle, then a single averaged point is de-
termined from all the pixels along a linescan such as the white line in
Fig. 8(a). This process is then repeated for each linescan as a function of
distance which in this case is the depth into the coating thus creating a
depth profile such as those shown for the sample without exposure to
NSS (Fig. 8(b)) and for the sample after 500 h NSS exposure (Fig. 8(c)).

Looking at the depth profile of the sample without NSS exposure, it
can be seen that the coating and the AA2024 form well defined regions.
The Ba and Ti co-incide whereas the Li seems to increase in intensity
only within the coating (the difference between the two is indicated by
the pair of black arrows at half height). This is attributed to the larger
size of the Li2CO3 particles as discussed above.The Mg profile has two
steps with the first step (moving from left to right) represents the Mg
signal coming from the MgO particles in the coating and the second
coming from Mg in the AA2024 which is an alloying component. After
500 h NSS exposure (Fig. 8(c)), both the Li and Mg profiles are quite
different from those without NSS exposure. The rise in the Li signal
occurs much deeper into the coating and the Mg-step associated with
MgO in the primer has receded from the primer/NSS interface towards
the metal. The overall Mg signal may also have decreased. Both of these
changes indicate that there is leaching from deep within the primer and
it involves MgO particles as well as the Li2CO3 particles. It is unlikely
that trasnport of Mg ions would be through a separate network of voids
formed only around MgO particles, therefore it seem logical that both
species might be transported through the same network. There also
appears to be some depletion of BaSO4 at the longer NSS exposure times
(Fig. 8(c)), but not to the same extent as for the Mg and Li. Thus a zone
appears to develop where there is removal of many particles which, at
the scale of the PIXE, appears as a depleted zone. This zone appears to
move into the primer with increasing NSS exposure.

Fig. 9 shows a summary of the different depletion depth measured
by different techniques. There are two types of depletion depth pre-
sented in the figure. One is the depth of the evenly depleted zone
moving from the external surface into the body of the primer. This has
been determined from the difference between the width of either the Li
or Mg PIGE maps (which coincide) compared to the width of the Ti Kα
PIXE map. A separate estimate has been performed for the Ba depletion.
It should be emphasised that it is not assumed that this zone comprises
very finely dispersed or even molecularly dispersed inhibitor particles
which are progressively dissolved as a front moves through the primer.
It is simply a region where all the particles (of similar size distributions
to elsewhere in the coating) have been dissolved. The depletion depth
of Ba is lower than those for Li and Mg. The second depletion depth has
been determined from the depth of the deepest pores observed in SEM
sections of the primer. An examination of either of these datasets (Fig. 4
(SEM) and Fig. 7 (PIGE/PIXE)) reveals that these different types of
depletion depths can vary along sections of the primer and therefore
should only be considered as indicative. However, it is clear that at the
longer exposure times the development of pores where particles (in
whole or in part) have been affected by dissolution occur much deeper
in the coating than the advancement of the homogeneously depleted
zone. The observation of pores deep in the coating after 500 h most
likely reflects the deepest dissolution within particle clusters.

3.2. Development of transport network

Generally, it is expected that void networks for transport can de-
velop in all directions including in the plane of the coating as well as
penetrating through the coating from electrolyte to the coating/metal
interface. The random direction of network development makes it

Fig. 3. Pore density in the top surface of the coating as a function of exposure to
NSS. Measurements made on plan view such as that shown in Fig. 2.
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difficult to follow their trajectories without the aid of some 3D imagine
technique. Thus in any 2D section only fragments of transport networks
are likely to be captured. Nevertheless, some “networks” may simply
penetrate the coating in one plane forming a channel from the external
surface to the coating/metal interface with such a channel shown in
Fig. 10. While these channels have a geometry that may not be typical
there is no reason to expect that the chemistry (e.g. electrolyte ex-
change, dissolution phenomena) within it should not be typical of more
three dimensional networks. These channels are of interest in that they
illustrate the full collection of phenomena that might occur during
transport network development.

Fig. 10 shows an example of such a channel after 96 h NSS exposure
that has developed through the coating thickness. The mouths of these
channels will manifest as pores on the external surface presumably si-
milar to those reported in Fig. 1 and particularly in Fig. 2. Interestingly
the channel is not confined to the perimeters of Li2CO3 particles but
also develops around other inorganic particles in the coating in its
propagation from the surface to the metal/primer interface. Close

examination of the channel reveals that it is formed by delamination
between the matrix and the particles (Type I), but it also penetrates
through the polyurethane matrix (Type II). Examples of these Type I
(white boxes) and Type II (red boxes) channels are presented in Fig. 10
(d). The presence of a number of different inorganic particles in the
channels suggests two things:

(i) network development is not confined to clusters of only Li2CO3

particles since there are other inorganic particles observed in the
channel. Indeed there are 17 TiO2 particles, 10 BaSO4 particles, 4
Li2CO3 particles and a MgO particle along the length of the channel
meaning that the Li2CO3 particles only constitute around 13% of
the inorganic phases. (Of course the numbers of particles is a poorer
indicator than the surface area of the particles in the channel, but
this latter quantity is not easy to determine).

(ii) The chemistry of the particles (their solubility) may not be the only
factor influencing the propagation of the channel. Indeed the ma-
jority of inorganic particles (84%) associated with the channel in

Fig. 4. Secondary electron images of sections of the leached primer as a function of time. (a) 0 h, (b), 8 h, (c) 48 h, (d), 96 h, (e) 168 h and (f) 500 h.
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Fig. 10 are the least soluble particles (TiO2 and BaSO4). For Mg
species, if the pH is tending towards alkaline values then their so-
lubility will also be low [76,77]. The images suggest that another
mechanism may be involved in network formation. The presence of
Type II voids in the channels that penetrate through the poly-
urethane matrix suggest that internal stresses in the coating also
play a role in network formation since this type of void formation
cannot be explained on the basis of disbondment due to water pe-
netration to the particle/matrix interface and subsequent reaction.

For parts of the channel in the Type II category one possibility for its
formation is that mechanical stresses within the coating cause ruptures
which become part of the channel that propagates within the coating.
To investigate this possibility a series of voids and sharp particles were
built into a finite element analysis (FEA) model of the local environ-
ment around the channel in Fig. 10 and stress and strain calculations
were performed (Fig. 11). In the model, a number of different inorganic
particles were distributed along a path mimicking the actual

configuration of particles in Fig. 10 and the blue and yellow lines in (b)
and (c) respectively represent the path of the channel. The model also
included a number of independent voids which had pressure applied to
one internal face at the base of the voids. It is assumed that this pressure
arises swelling of inorganic particles resulting from water uptake. At the
early stages of exposure to NSS there will be water uptake by the
polyurethane through the free volume in the polymer matrix. Free
volume sizes (radii) for polyurethane have been reported to be in the
vicinity of 2.9–3.7 Å [49,50] whereas water is around 3 Å in diameter.
Other ions are too large to diffuse through the polymer at this stage
(Table 3) so it can be considered as a selective ion membrane for water
[48,78]. Some of the absorbed water will end up at the interface be-
tween the polyurethane and the particles where hydrolysis reactions
will occur resulting in (i) dissolution of Li2CO3 and (ii) formation of
hydroxide on MgO particles and possibly some dissolution. Initially this
uptake at these sites is probably driven by an osmotic process similar to
osmotic blistering where water that is absorbed into the polyurethane
through the free volume, reacts with coating components within the

Fig. 5. EDS Quant maps of leaching. (a) 0 h, (b), 8 h, (c) 48 h, (d), 96 h, (e) 168 h and (f) 500 h.
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primer. In the model in Fig. 11 these voids are fully enclosed and simply
mimic what is observed in the cross-section. In reality some of these
voids around particles may be filled with gel or electrolyte producing a
local swelling around the particles resulting in a hydrostatic pressure
due to water uptake within the particles.

Specifically, in Fig. 11 the von Mises strain and shear strain are both
increased in the vicinity of the void structures where the internal stress
is applied. The von Mises strain is highest at the base of the voids
(where the pressure is applied) but this strain is also transferred into the
polyurethane matrix by the presence of the particles. A cross-section of
the von-Mises strain distribution, depicted in Fig. 11(d), shows the
spreading of the high strain region within the plane of the coating,
implying that even a small stress may produce an influence over the
surrounding polymer. The shear strain is also raised around the in-
organic particles near the voids which, if it doesn’t cause rupture, will
change the free volume characteristic and transport properties through
this “modified” polymer. Changing the particles’ mechanical properties
for the same shapes did not influence the von Mises or shear strains.
These results therefore offer an explanation for cracking through the
polymer component of the primer. The sharp shape of some voids such
as those at the position labelled Ω in Fig. 10(d) indeed suggest

Fig. 6. Mg/O ratio determined from EDS point analyses of multiple particles for
each exposure time (minimum of 5 analyses).

Fig. 7. Left: Li-Al-Mg PIGE 3 Colour maps and right : Li-Ti-Ba mixed PIGE and PIXE 3 Colour maps for (a) no NSS exposure, (b) 8 h, (c) 48 h, (d) 96 h, (e) 168 h and (f)
500 h NSS exposure respectively. Dashed circles in (a)-left indicate regions with very little Li particles.
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mechanical rupture.
To explore the influence particles further the model was modified to

include particles in a parallel plane behind the visible surface, at a small
distance into the interior of the polymer, pointed out by the red arrows
in Fig. 12(b). These particles can represent any of the fillers or inhibitor
particles. An iso-surface has been shown in Fig. 12(a) and (b), for both
the cases, i.e., with and without the additional particles. The original
configuration used in Fig. 11 produces a distinct high strain region near
the surface due to a cluster of particles as shown by the black arrows in
Fig. 12(a) and magnified in Fig. 12(c). The addition of more particles
behind the original configuration of particles (red arrows in Fig. 12(b))
changes the strain iso-surface as shown in Fig. 12(b) and magnified in
Fig. 12(d). The additional particles leads to a change in the shape of the
iso-surface resulting in both linearization and localisation of the strain.
Indeed a magnified image in Fig. 12(d) reveals a connection in the high
strain regions formed due to the particles in the cross sectional plane
and the internal particles. This suggests that the local arrangement of

particles plays a defining role in the strains that are induced in the
polyurethane and clearly shows that the strain is transferred to the
polymer which will result in local changes that might include free vo-
lume changes, void formation and channel propagation (these latter
two through rupture). It also indicates that while the channels observed
in the SEM cross-sections appears to be in a single plane of the X-sec-
tion, there may be void formation perpendicular to the plane of the
channel formed in the coating.

3.3. Leaching behaviour

The previous sections of this paper have focused on changes that
occur in the primer as a result of exposure to an NSS environment for
different times. The observations have shown some complex behaviors
with evidence of direct dissolution, the development of depletion zones
at intermediate time as well as evidence of deep attack within the
primer for longer times. In this section the leaching behavior is char-
acterized under immersion conditions. The mechanism of release is
thought to be similar for both types of experiment, but the kinetics will
be faster in NSS due to the removal of electrolyte adjacent to the sur-
face. For example, it was found for a chromate primer that the release
during immersion experiments in the first 24 h (33 μg/cm2 [38]) was
around 60% that of NSS exposure (57 μg/cm2 [52]) for the first 24 h of
exposure, but the shape of the release curves was the same.

Fig. 13(a) shows the accumulation of Li, Mg and Ba as a function of
exposure time in the leachate solution. For all the reported elements the
cumulative amount of material released increases rapidly at short time,
but slows at longer times. At the shortest time there was a high level of
release of which is likely to be due to immediate, direct dissolution of
Li2CO3 particles in the surface (including at the scribe) and its high
solubility. A significant amount of Mg is also released from the coating
during leaching at longer times with the accumulated values in mmol/L
shown in Fig. 13(a). Leaching for Mg is much slower than for Li and is
still increasing after 500 h exposure. The Mg/Li molar ratio based on
the amount released at time t minus the amount released at time (t-1),
i.e. the net release/unit time, is shown in Fig. 13 (b). The Mg/Li ratio
starts to show a significant increase towards unity after around 1 h and
peaks at around 50 h at a ratio of 1.4 thereafter falling back to 0.6 to
0.8. At these longer times which, as can be seen from the accumulated
Li levels, a significant amount of Li has already been released

Fig. 8. (a) example of traverse where a region
of analysis parallel to the coating surface is
chosen (green rectangle) and one single
average intensity is determined along a line
(white line). This average intensity then re-
presents the intensity in the depth profile. (b)
and (c) PIXE (Ba Kα and Ti Kα) and PIGE (Li428
and Mg1370) profiles across the primer, (b)
Without NSS exposure and (c) after 500 h NSS
exposure. The black arrows in (b) and (c) in-
dication the difference at half height of the Ti
and Li profiles. The vertical dashed lines in (b)
and (c) indicate roughly the boundary between
the primer and the metal (For interpretation of
the references to colour in this figure legend,
the reader is referred to the web version of this
article.).

Fig. 9. Different measurements of the leaching depth including deepest ob-
servation of pores from SEM and Li and Mg depletion zone determined from Li
and Mg PIGE maps.
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Fig. 10. SEM of an example of a channel through the primer present after 96 h exposure to NSS. (a) image showing just the section and indicating the primer and
AA2024 alloy, (b), image with the channel highlighted, (c) image with relevant inorganic phases highlighted and (d)showing examples of Type I (polymer/particles
interface) and Type II (though polymer) cracks in the channel.

Fig. 11. FEA analysis of stress distributions in
the primer. (a) Model of particles in an ar-
rangement reflecting particles in Fig. 10. Circles
indicate the position of the cylindrical voids
and all coloured shapes are inorganic particles
with some highlighted with the red arrows. The
pressure has been applied to the bottom face of
these voids. (b) von-Mises strain distribution.
The blue line is the actual channel path from
Fig. 10. (c) shear stress distribution with the
yellow line indicating the path of the actual
channel. (d) von Mises strain distribution pe-
netration into the film behind the face shown in
(b) (For interpretation of the references to
colour in this figure legend, the reader is re-
ferred to the web version of this article.).
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(Fig. 13(b)). This shows that Li release precedes Mg release even though
the depletion zones overlap as seen in the PIGE results in Fig. 7. There it
was concluded that the Li and Mg probably diffuse via the same net-
works, however, the leaching results show that even if the same net-
works exist for transport of species, the kinetics of release will also be
influenced by the solubility of the particles. Thus in this case the lower
solubility of MgO leads to different release kinetics compared to the
Li2CO3. Both the accumulated Ba release and the Ba/Li molar ratio
show a similar behaviour to the Mg release and the Mg/Li molar ratio,
but at lower values for both metrics. The similarity of the Mg/Li and
Ba/Li curves for accumulated and molar ratios indicates that solubility
is not the major limiting factor for release, but that the development of
a porous network is the limiting factor.

Leaching data is often interpreted using a power law such as the
following equation to distinguish between different leaching beha-
viours:

=M kD teff
n (1)

Where M is the mass of material released at time t, k is a constant, Deff is
an effective diffusion and n is an index that reflects the kinetic behavior
dictated by the porosity of the structure from which material is re-
leased. For example n<0.33 suggests leaching from a void structure

that is fractal in nature [41], n=0.5 reflects Fickian diffusion through
the polymer and n>0.5 reflect a significant amount of direct dissolu-
tion into the electrolyte [38,39]. This region has also been described by
overlapping diffusion fronts [36] or polymer matrix properties [53]. By
differentiating Eq. (1) with respect to time and taking the log of both
sides the following equation is obtained where n can be calculated di-
rectly from the gradient of the a linear fit to the data [39]:

= − + ′log dM
dt

n log t k( ) ( 1) ( )10 10 (2)

where k’ is a constant which equals log10((n-1)Deffk). The data as re-
presented by Eq. (2) for Li, Mg and Ba are plotted in Fig. 13(c). The
gradient of the data is (n-1) from which n can be calculated. It can be
seen that the Li release rate decreases markedly with time and largely
shows a linear behavior. A linear fit reveals a value of n close to 0.02,
indicating that the release very rapidly goes to zero after the initial high
release. However, only around 10% of the Li is released during this
initial phase and that occurs in the first few hours. This is consistent
with the characterization data of samples exposed to an NSS environ-
ment reported above where there is still considerable Li carbonate re-
maining in the coating at 500 h. On the other hand the Mg and Ba leach
rate data appears to have three different regions. In Region I the gra-
dient is steep, meaning that n is low for both species.

Fig. 13(d) shows the value of n as a function of time. At t =0 it is
assumed that n =1 for Li and Mg (direct dissolution including the
scribe) since they have non-zero values after only 5min exposure, and
zero for Ba, i.e. no release. In Region II, between 15min and 24 h (-0.6
and 1.38 on the log10 scale) the leach rates show a similar decline for
Mg and Ba as indicated by the dashed line labelled α. Linear fits to this
region give indices n between 0.6 and 0.8 (Fig. 13 (d)) and probably
represents a mixture of direct dissolution into the leachate solution and
Fickian diffusion. (Note n is the same across Region II for Ba and Mg
because it is the gradient of the linear fit to data in this region
(Fig. 13(c)).) It is in this region that it is expected that Mg (and Ba) are
released through common channels created by Li2CO3 dissolution and
MgO dissolution and mechanical rupture. At the longest times (Region

Table 3
Hydrated radii for selected ions after Mahler and Persson
[79].

Ion Hydrated Radius Size (Å)

Cations
Al3+ 4.75
Li+ 3.82
Mg2+ 4.28
Na+ 3.58
Anions
Cl− 3.32
CO3

2− 3.94
SO4

2− 3.79

Fig. 12. Comparison of FEA analysis of strain
distributions in the primer in Fig. 11 and the
primer with additional filler particles at a cer-
tain distance inside the thickness parallel to the
cross sectional plane. Image (a) depicts circles
indicating the position of the cylindrical voids
and all coloured shapes are inorganic particles
with some highlighted with the red arrows. The
pressure has been applied to the bottom face of
these voids. (c) and (d) are magnifications of
the regions above the black arrows in (a) and
(b) respectively (For interpretation of the re-
ferences to colour in this figure legend, the
reader is referred to the web version of this
article.).
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III) the leach rate decreases more rapidly than Region II. A linear fit to
this region for the Ba and Mg curves gives a value of n of approximately
0.12 and close to zero respectively. In the case of Ba this may represent
ongoing dissolution and release through a highly tortuous transport
network. Similar low n values were reported by Klomjit and Buchheit
[35] for chromate release based on low solubility arguments. In sum-
mary, there is rapid release of Li whereas the release kinetics for Mg and
Ba are slower and show a more complex behavior.

4. Discussion

The leaching and characterisation data presented in this paper can
probably be divided into two regimes. To begin, the initial release is
likely to be via direct dissolution of Li2CO3 particles into solution,
which is followed by slower dissolution of MgO (Fig. 14(b)). The initial,
high Li release rapidly drops to very low ongoing release with a tn be-
haviour where n=0.02 which may be close to exhaustion of leachable
Li particles connected to the external surface via a void network. At this
stage around 10% of the Li is removed from the coating, so the low
release rate suggests that surface and near-surface Li2CO3 particles have
been largely removed. However, since there are still many deeper
Li2CO3 particles evident in the cross sections, the data also suggests that
transport pathways have not developed further into the primer or
perhaps less soluble surface layers have developed on the particles.

Other changes are almost certainly occurring in the primer at the
same time. Initially, water will be absorbed through the free volume of
the polyurethane similarly to many polymer systems [48,49,80–82].
The free volume of polyurethane has been reported to have a char-
acteristic size (radius) in the vicinity of 3.7 Å [50] which is larger than
the diameter of a water molecule at 3.0 Å. The uptake of ions is gen-
erally slower with chloride diffusion usually around two orders of
magnitude slower than water [48,80]. Therefore transport of both an-
ions and cations through the free volume in the matrix is, initially,
unlikely given waters of hydration mean that the overall size is larger
than the free volume as can be seen in Table 3 where the hydrated
diameter, of all relevant ions, is similar to or slightly larger than the
characteristic size of the free volume. Li may even be larger than listed
in Table 3 since it has been reported to possibly have a second sphere of
waters of hydration [79]. This means that, initially, the polyurethane

matrix surrounding particles is not connected to the external surface via
any channels and is likely to be acting as an ion selective membrane
allowing only water to get to the particle /matrix interface. Thus, at
these sites, electrolyte that develops at the interface, as a result of water
intrusion, will not be able to diffuse into the surrounding matrix. In
membrane technology, there is a well known osmotic effect called de-
watering, where water uptake into a polymer membrane is reduced as
the external electrolyte concentration increases. This osmotic effect
arises due to the difference in activities of water in the polymer and in
the external salt [48]. Similarly, in the absence of external pathways,
the concentrated electrolyte developed around dissolving inhibitor
particles will draw water out of the polyurethane, resulting in swelling
around these dissolving particles causing a hydrostatic pressure
(Fig. 14(f)). The origin of this swelling is distinct from the swelling of
the polymer component which is related to irreversible water uptake
(water hydrogen bonded within the polymer component) [83]. The
osmotic pressure is assumed to be of a similar order to the swelling
pressure which is typically less than 10MPa [64]. It is the difference
between the hydrostatic and osmotic pressures that is the source of the
applied force in the FEA. For isolated particles this net force will act in
all directions, i.e., it should be isotropic. Thus, while in the FEA mod-
elling the force was applied to the base of voids (i.e. in the direction of
the polyurethane/metal interface), it could equally lead to rupturing
towards the surface of the coating as it could towards the polyurethane/
metal interface. Either way the network develops into the primer
(Fig. 14(c)).

Once the isolated voids around dissolving inhibitor particles become
part of a network connected to the external surface then it is expected
that the magnitude of these competing forces will change. In the first
instance they may combine to expel electrolyte from the network, or at
least redistribute it within the network (Fig. 14(c)). At some stage the
osmotic pressure will disappear because the water is more likely to
diffuse from the void network rather than through the polyurethane.
The pressure due to swelling of the particles is also likely to decrease
with the loss of electrolyte from the void network. This will mean that
inhibitor release will be dominated by local concentration gradients,
(i.e., by chemical potential gradients) associated with the ongoing dis-
solution of inhibitor particles leading to high local electrolyte con-
centration in the voids [80].

Fig. 13. (a) Cumulative leaching curves
(mmol/L) of Li, Mg and Ba from the primer as a
function of time. (b) molar ratios for Mg/Li and
Ba/Li as a function of time. (c) rate of change of
the concentrations (Log10(dM/dt from Eq. (2))
versus Log10(t) for Li, Mg and Ba. Vertical black
lines represent boundaries between different
leaching regimes (for Ba and Mg) I and II re-
spectively. Dashed lines labelled with α and β
are indicative of potentially different gradients
in the data. (d) Interpretation of leaching in
terms of n (from tn) as a function of log10(t).
This diagram highlights different possible
transport mechanisms at different leaching
times.
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As electrolyte exposure increases voids penetrate much deeper into
the primer (up to 30 μm) as can be seen in Fig. 9. These are represented
by the white space around Li2CO3 particles and network penetration
(white) to the polymer/metal interface (Fig. 14((d)). This is facilitated
by selective dissolution around the surface of particles which may pe-
netrate deeper into the primer where these particles are connected to
one another, i.e. through clusters connected to the external electrolyte.
It is in this regime that the biggest changes are observed on the external
surface and within the body of the primer. For example, after 168 h NSS
exposure many of the particles at the external surface appear to be
removed leaving behind open pores. This change on the external sur-
face is accompanied by pore development within the primer indicating
the generation of networks deep within the primer (Fig. 14(d) & (e)).
The EDS maps of the cross sections of the primer (Fig. 5) show sig-
nificant differences between times up to and including 96 h exposure
and those above 96 h exposure (168 and 500 h). Above 96 h there is
interfacial voids around Li2CO3 and MgO particles as well as particle
removal.

The data presented in Fig. 10 suggests that the transport pathways
for leaching of Li, Ba and Mg are probably not reliant (in Region II at
least) on networks that involve the dissolution of Li2CO3 particles alone
but may well include paths that result from either void formation or
delamination around all types of particles as well as the dissolution of
Mg-containing particles and to a lesser extent BaSO4 particles. More-
over, the data in Figs. 11 and 12 show that void formation may not just
be due to dissolution, but mechanical stresses within the coating may
make a contribution via rupture of the polyurethane. On the other
hand, the low levels of ongoing release of Li may suggest that dis-
solution is impeded at the surface of these particles indicating that in-
ternal electrolyte conditions may be pivotal in moderating the level of
release of the inhibitor perhaps through the formation of less soluble
compounds. It is possible that the presence of cations such as Mg2+ and

to a lesser extent Ba2+ (as well as CO3
2−, OH-, SO4

2− ions) may cause
secondary reactions at the surface of the Li2CO3 particles which slows
down the rapid dissolution process. This proposition, to some extent, is
supported by the leaching data since, if all species are using the same
network of channels and the Mg ions display Fickian behaviour then it
would be expected that Li ions would show similar behaviour, however,
they are not showing this behaviour. Instead there is a considerable
number of Li2CO3 particles remaining in the primer suggesting lower
solubility for these particles which could be explained by a insoluble
surface layer.

Finally, it is interesting to consider whether the leaching behaviour
is the sum of leaching from a number of independent clusters of par-
ticles or whether the void networks develop in such a way that all
particles are eventually involved. The SEM results of Fig. 4 and EDS
results of Fig. 5 suggest that for most of the exposure times observed
here that independent clusters do exist, since there are often very local
changes observed deep within the primer. Even after 500 h exposure to
NSS there are still many smaller Li2CO3 particles adjacent to depleted
regions in the primer; these would be expected to dissolve if there is a
widespread network in the primer (or if Li ions could diffuse through
the PU matrix). The formation of these clusters, however, seems to
partially involve rupture of the polyurethane due to internal stress
around isolated particles particularly at short immersion exposure
times. The buildup of internal stresses is likely to be greatest around the
most soluble particles since the osmotic pressure and particle swelling
are proposed to develop around most soluble particles which act as
stress raisers. In this case the most soluble particles are the Li2CO3

particles. However, it can involve the MgO particles as well which can
also act as stress raisers. Thus for this aspect of network formation all
that is required is a “cluster” of stress raisers for transfer of the strain to
the polyurethane matrix causing rupture and network formation. These
results also suggest that, at longer exposure times, the void networks

Fig. 14. Model of the development of transport
pathways within the primer as a function of
time. Colour coding is intended to reflect that
of Fig. 5. (a) prior to exposure, (b) early im-
mersion, (c) beginnings of network formation,
(d) penetration to metal interface, (e) full pe-
netration plus complete dissolution of some
particles including MgO, and (f) osmotic and
swelling effects prior to network formation.
The lighter blue of Mg-ox (500 h) reflects the
EDS Quantmap of the 500 h NSS exposure
sample. White represents voids. The pink TiO2

particles overlaying the Li2CO3 particles simply
indicate that there are many of these particles
present throughout the coating (For inter-
pretation of the references to colour in this
figure legend, the reader is referred to the web
version of this article.).
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associated with individual clusters may begin to merge to form larger
structures which influence larger volumes of the primer. This is re-
flected in the leaching data where Fickian diffusion exhibited by Mg
and Ba ions at intermediate times changes to diffusion slower than
Fickian associated with the development of more complex diffusion
paths through a structure with a fractal nature. (The more distributed
the network then the lower the fractal index.) Presumably extensive
network development co-incides with significant degradation of the
primer.

5. Conclusions

Leaching studies have shown that for a polyurethane-based primer
incorporating Li2CO3 and inorganic components such as MgO, BaSO4

and TiO2, Mg and Ba are both leached from the primer in addition to
very high initial levels of Li release. SEM studies showed that as a result
of Neutral Salt Spray exposure there appears to the initial, very high Li
ion release is associated with surface dissolution (typically up to 5 μm).
Following release of most of the Li from the surface, Mg release and
lower levels of Ba release are observed. The release kinetics for Mg and
Ba that displayed a tn behavior where n was between 0.6 and 0.8. This
indicates a mixture of Fickian diffusion and direct dissolution. SEM/
EDS analyses of sections of the primer exposed to NSS showed that
release is accompanied by delamination and dissolution around all
types of particles including Li2CO3 particles which is observed deeper in
the coating with increasing time. There was also rupture of the poly-
urethane matrix which facilitated the formation of networks pene-
trating the primer thickness to the polyurethane/metal interface. Finite
element analyses indicated that rupture of the polyurethane could be
due to the buildup of internal stresses in the coating resulting from
osmotic effects and swelling around soluble particles. At the longest
times there were considerable changes to the MgO and Li2CO3 particles
such that there was near complete surface depletion of both types of
particles. SEM results suggested that void networks that developed in
the primer were involved interfaces of all particles. Leaching from these
structures was slow and typical of restricted transport through a porous
network. Particle Induced γ- and X-ray emission spectroscopy studies
show that a Li and Mg depletion zones penetrated from the surface into
the bulk of the primer at longer Neutral Salt Spray exposure times.
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