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Abstract: Lithium based inhibitors in aerospace coatings are seen as excellent replacements for their chromium counterparts
which are both carcinogenic and heavier. However, Li is generally difficult to detect and following changes in its distribution
due to corrosion is impossible with many standard techniques. Combining MeV Particle Induced Gamma Emission and X-ray
Emission provides a powerful tool for this research and in this paper we summarise some recent experiments on such coatings
using the CSIRO Nuclear Microprobe. PIGE mapping of the LiCO3 particles and their patterning illustrates how the method
will be extremely useful in monitoring surface corrosion.
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1. Introduction

The aerospace industry is continually looking to
improve performance and reduce CO2 emissions by
making aircraft more fuel efficient. For example, Li
is an important alloy component of new generation,
high strength-to-weight ratio aluminium alloys which
are replacing traditional Al-Cu-Mg alloys. Li
replacement  of  Mg  not  only  makes  them  lighter  but
also has improved mechanical properties compared to
traditional alloys. However, difficulties in assessing
Li distributions with respect to intermetallic
inclusions in these alloys remains a technical hurdle.
What is not often considered in aircraft design are the
longevity and weight of protective coatings such as
top paints. Current technology based on hexavalent
chromium is carcinogenic and targeted for
replacement. Rare earths elements (REE) had been
considered as replacements for hexavalent chromium
but weight becomes an issue [1]. Recently it has been
discovered that Li based corrosion inhibitors are a
good alternative [2]. In this paper we summarize 3
MeV m-PIGE and PIXE analysis on Li based coating
technology proposed for the protection of aerospace
aluminium alloys using the CSIRO Nuclear
Microprobe (NMP). Past corrosion studies using
PIXE are reported in the literature [3][4].

Unlike REE however, characterizing Li distributions
in coatings is problematic for electron beam
spectroscopy due to the very low cross-section for x-
ray production with keV electrons. Auger electrons
are the preferred pathway for electronic stopping in
this energy regime resulting in overlapped Li and Al
peaks. Furthermore, with such a low binding energy
any K∝ x-rays generated at ~55eV are easily absorbed
in the near-surface meaning any detected are from the
surface and may be dominated by surface sensitive
effects unless the sample is carefully handled and
stored. Transmission Electron Microscopy (TEM)
and Electron Energy Loss (EELS) both detect Li but
difficult sample preparation and poor detection limits
hinder their use. Time of Flight (TOF) SIMS does
however provide excellent spatial resolution and
sensitivity for Li but scan sizes may be limited.

PIGE on the other hand relies on the detection of
prompt gamma rays following nuclear excitation

from MeV protons. These gamma rays are primarily
from the bulk of the material and surface issues are
irrelevant. PIGE is less complicated, more reliable
and has excellent detection limits. For these reasons
PIGE has found itself indispensable in a range of
materials most notably those to do with Li batteries
[5]-[7][8], gels[9][10] and thin film technologies
[10]-[12][13].

Another key advantage of protons is their long range
allowing the primer coating below the topcoat to be
probed  in  plan-view.  PIGE  is  therefore  able  to
measure the spatial distribution of Li and PIXE is
able to correlate its relationship with heavier
elements in the coating. Not reported here is a more
detailed study examining the depletion of Li after
exposure to Neutral Salt Spay (NSS), a common
corrosion test in the materials industry [14].

2. PIGE and PIXE Methodology

Focused proton beams in the MeV range offer several
distinct channels for measuring 7Li in materials. A
measurement of alpha particles due to a 7Li  (p,a)
nuclear reaction or via prompt gamma ray emission
from inelastic 7Li(p,p’g)7Li pathways [15]. On the
CSIRO NMP, the p,p’g pathway with a g-ray energy
of 478 keV is best suited to non-resonant PIGE
analysis of  geological samples and a large area
HPGe gamma detector can be mounted behind the
sample [16]. The excitation function for a second g-
ray line at 429keV has a much steeper drop with
proton energy below 3 MeV resulting in more surface
sensitivity especially in the presence of the heavy
metal particles also present in these coating.
Overlapping influences from neighbouring g lines are
also minimal for this reaction assuming the Compton
background from higher energy g-rays is removed
and there is negligible 10B.  Analysis  and
interpretation of maps is therefore relatively simple.
If one irradiates a sample of similar composition, for
example LiF, under the same conditions then the ratio
of the mass fractions fm in the unknown i and
standard is simply:



ೞ
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where S and Y are the stopping powers and measured
yields for the same detector geometry, in the
respective sample [17]. For the paint coating cross-
sectional analysis, the region to be probed is thicker
than the beam range allowing equation (1) to be used.
However, proton stopping in the paint is complex due
to the nature of the heterogeneous distribution of
inclusions containing weight % levels of Ba and Sr.
Absolute quantification of the Li levels is not
possible  as  the  PIGE  excitation  function  in  the
standard and paint are dissimilar due to the random
granularity of the coatings (LiCO3 and BaSO4).
However, the excitation functions and x-ray yield
distributions both decrease with depth in a similar
manner meaning both techniques sample a similar
volume of material.

3. Experimental

3.1 Sample Preparation

The AA2024-T3 Al-alloy was used as a substrate for
coating. The primer material was a high solids
formulation (30 wt%) based on polyurethane with
polyisocynate crosslinker [2]. The inorganics
included Li2CO3 inhibitor, MgO, BaSO4 fillers and
TiO2. The topcoat was polyurethane with binders.
The AA2024-T3 was prepared by standard processes
used by the aerospace industry beginning with an up
to 2 μm thick anodised coating over its surface. After
a 24 hr drying period the primer itself was applied by
multiple  pass  spraying to  a  thickness  of  30  μm. The
primer was cured at 80 °C for 16 hours. These are
then scribed into cross-sectional samples and
mounted into conductive Bakelite with the beam to
be scanned across the interface between the Al-
anodized layer-coating. An SEM Backscattered
Electron  image  of  the  area  under  study  is  shown  in
Figure 1.

3.2 Ion Beam Analysis

The gamma detector mounted downstream of the
sample plane projects into the target chamber to
within 5 mm of the sample rear using a re-entrant
port. Calibration of the gamma detector uses both a
LiF crystal and pure Al. The 100 mm2 Ge PIXE
detector is mounted at 135° and is in close proximity

to the sample (~5 mm distance). A 100 mm thick Al
filter provided throttling of Al x-rays to accentuate
heavier element detection limits; Al is picked up in
PIGE anyway. A photograph of the system is shown
in Figure 2. For the data presented here the m-DAQ
system was used with two channels (PIXE/PIGE)
enabled [18]. Scanning areas of approximately 250
µm × 75 µm over the paint cross-section were made.
Beam  currents  of  3  MeV  protons  were  typically  in
the 0.5-1.0 nA range. Experiments were performed
remotely due to the 7Li (p, ng) reaction causing a low
neutron flux. Post-data collection analysis is
performed using GeoPIXE with integrated areas
within spectral ROI or “cuts” in the gamma spectrum
shown in Figure 3 minus background used to assign
pixel values. Shown in the bottom of the same figure
is  the  overall  PIXE  spectrum  and  its  main  fitted
contributions.

4. Results

The combined PIXE and PIGE maps for a region of a
sample prior to leaching is shown in Error!
Reference source not found.4.  Li,  Al,  Ag,  Ba,  Sr,
Ti, V and Zr were all detected in the Li-inhibited
primer. Li, Ba, Sr and Ti are expected since the
primer contains the chemicals Li2CO3, BaSO4, SrSO4
and TiO2.  Zr  might  arise  from  milling  balls  (ZrO2)
used to mill the inorganic additives. Al may arise
from decoration of voids in the sample during
polishing as observed previously using Electron
Dispersive  Spectroscopy (EDS)  on  cracks  in  SrCrO4
particles. Indeed, the distribution of Al within the
primer reflects the Ba and Sr maps suggesting these
particles may have fractures that capture polishing
debris. It should be pointed out that these elements
are  present  in  very  low levels  and it  is  only  through
the sensitivity of PIXE that they are detected at all.

With respect to AA2024-T3, typical elements such as
Al  (PIGE),  Cu,  Mn  and  Fe  were  observed  in  the
matrix and constituent intermetallic particles [19]. Fe
was observed only in the constituent particles. The
presence  of  Cu  and  Mn  in  the  matrix  can  be
explained by a small but significant solubility Cu in
Al  as  well  as  Cu and Mn being present  in  a  number
of intermetallic particles (hardening precipitates and
dispersoids) much smaller than the 2 mm beam spot.
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Elements  such  as  Ag,  Nb,  Zr  and  Zn  while  not
expected may well be low-level alloying additions.
Ag is added to facilitate the formation of hardening
precipitates which enhances creep resistance, Nb and
Zr  may  form  aluminides  that  act  as  grain  pinners
whilst Zn is used for precipitate hardening using the
ƞ-phase (Zn2Mg) in 7xxx series alloys. In this study it
is associated with Cu-containing constituent particles
and may be present as an impurity from a mixed
stock starting material.

5. Discussion

Figure  5  shows  three  colour  maps  of  the  primer
region where Li is in red and Ba in blue for all maps
and green reflects a changing element. The Li-Cu-Ba
map indicates the distribution of the Li- and Ba-
containing particles within the primer and the Cu
(green) reveals a relationship between the primer and
AA2024-T3 substrate. There is a dark band
separating the AA2024-T3 from the primer in the Cu
map.  This  same  region  in  the  Al  map  (middle)
suggests the strip between the alloy and primer is an
anodised layer. The Li-Sr-Ba map shows the red Li-
containing particles and the now light blue Ba-
containing particles indicating that there is a mixing
of the colours associated with the Sr (green) with the
Ba (blue) producing the light blue colour.

These maps show that Li is locally concentrated into
small regions typically around 7 μm in size, probably
reflecting the presence of particles. It is also possible
that these particles are further interconnected
suggesting clusters of Li2CO3. PIXE combined with
PIGE conclusively illustrates the complex
relationship between intermetallic particles and the Li
distribution and appears well capable of measuring
spatial changes in these distributions as a function of
corrosion.
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Figures

Figure 1: A Backscattered Electron (BSE) image of the interfacial area under study taken on an SEM with conditions stated in the figure. The
bottom layer is the Al alloy followed by the 2mm anodized interface. The paint coating can be seen to contain assorted particles and is ~30mm
thick. The bright regions are probably intermetallic particles with low average Z.
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Figure 2: Photograph of the PIGE/PIXE setup on the CSIRO NMP chamber used for these measurements.
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Figure 3: (Top) Typical PIGE spectrum from the alloy coating illustrating the 478 keV Li line used for mapping. The background assumed
linear between the two markers is removed for all extracted pixel values (Bottom) The equivalent PIXE spectrum in the same coating region
showing the ensemble of elements associated with the Li and Ba particles as well as inter-metallics.
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Figure 4: Combined 250 mm x 75 mm PIXE and PIGE maps for an unexposed sample. The PIGE maps (Li and Al) are labelled as such and
the rest of the maps are PIXE maps.
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Figure 5: Three colour maps. (Top) Li-Cu-Ba, (middle) Li-Al-Ba and (bottom) Li-Sr-Ba. The red particles in the top plot are Li 2CO3

particles, typically 7 µm in size.


