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Abstract

This study quantitatively evaluates the variation in the distribution, density, size, and chemical composition of constituent
intermetallic particles (IMPs) in different commercial high strength aluminium alloys, including Al-Cu-Mg (AA2024-T3),
Al-Cu-Li (AA2198-T8/T851), and Al-Mg-Zn (AA7475-T761) alloys. It is observed that the AA2024-T3 alloy is character-
ized by three primary types of IMPs (Al-Cu-Mg, Al-Cu-Fe-Mn, and Al-Cu-Fe-Mn-Si) and the highest particle population
density. In contrast, the Al-Cu-Li alloys contain a single type of IMP (Al-Cu-Fe), while the AA7475-T761 alloy exhibits the
lowest population density of IMPs that are distinguished by varying copper contents.

Keywords Aluminium alloys - Microstructure characterization - Electron microscopy - Constituent intermetallic particles

Introduction

Constituent intermetallic particles (IMPs) are typically
formed in aluminium (Al) alloys during the casting process
due to the low solubility of alloying elements or impurities
from bauxite ore extraction process or alloy recycling, such
as Fe and Si [1-3]. Economically unfeasible or impossible to
be removed from the alloys, these particles become inherent
constituents of Al alloys [1, 4, 5]. IMPs are found in most
aluminium alloy classes and are particularly notable in high
strength alloys [6].

These particles influence critical aspects of the alloys,
such as corrosion properties [7], fatigue durability [8], and
anodization behaviour [9]. Their presence can lead to local-
ized corrosion, reduction in mechanical properties, and vari-
ations in the quality of the anodized layer [10-12]. There-
fore, an in-depth understanding of the distribution, density,
size, and chemical composition of these particles is essential
for the development and optimization of high-performance
aluminium alloys.
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Over the decades, various researchers [13-24] have stud-
ied the electrochemical and corrosion properties of IMPs in
aluminium alloys. It was found that the composition of these
particles determines their cathodic or anodic nature relative
to alloy matrix when subjected to a corrosive environment,
which often results in a reduction in corrosion resistance
[25]. Further, in the context of anodization that is widely
used in industry for forming corrosion protective anodic
film on aluminium alloys for engineering applications, the
designation of anodic and cathodic nature of IMPs is inad-
equate since during the anodic oxidation process, aluminium
alloy, including alloy matrix and IMPs, is subjected to an
anodic polarization. However, in terms of anodic oxidation
behaviour, the classification of the IMPs is based on their
oxidation/dissolution rate relative to Al matrix [26-28].
The dissolution of these particles can lead to the formation
of defects and discontinuities in the resultant anodic films
[29]. Therefore, understanding the chemical composition,
morphology, and distribution of these particles in Al alloys
is crucial for the optimization of anodization.

While significant research has been conducted on indi-
vidual aluminium alloys [13-15, 23, 30-39], there is need to
better understand on how variations in IMPs characteristics
across different alloy systems influence their electrochemical
and corrosion properties. This is especially true concern-
ing the anodizing behaviour and the corrosion properties of
anodized aluminium alloys since the same anodizing process
is normally applied to different alloy systems in industry.
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The characteristics of IMPs inevitably introduce local vari-
ation in anodic film composition and morphology associated
with the anodic oxidation behaviour of the individual parti-
cles. Although standard handbooks of physical metallurgy
provide foundational knowledge on aluminium alloys, they
often lack detailed discussions on how IMPs characteristics
vary between different alloy systems and how these varia-
tions impact critical properties such as corrosion resistance
and anodizing behaviour [40, 41]. This gap highlights the
need for comparative studies like the present one, which
explores IMPs characteristics in specific alloy families and
their practical implications.

This paper aims to address a specific question, that is:
What are the main differences between constituent interme-
tallic particles present in Al-Cu-Mg, Al-Cu-Li, and Al-Zn-
Mg alloys, especially their distribution, density, size, and
chemical composition?

Experimental

This study examines the microstructural characteriza-
tion of four commercial aluminium alloys—AA2024-T3
(Al-Cu-Mg), AA2198-T8 and AA2198-T851 (Al-Cu-Li),
and AA7475-T761 (Al-Zn-Mg)—all supplied as rolled
sheets. The elemental composition, determined by ICP-
OES, is detailed in Table 1. The alloys were analysed in
their commercial temper conditions: T3 for AA2024 (solu-
tion heat treated, cold worked, naturally aged), T8 and T851
for AA2198 (solution heat treated, cold worked, artificially
aged; T851 includes additional stretching), and T761 for
AA7475 (solution heat treated, cold worked, stress relieved,
artificially aged) [42].

Specimen Preparation

The surface of the alloys was mechanically ground using
silicon carbide sandpaper with sequentially grit sizes
P800, P1200, P2400, and P4000, followed by sequen-
tial polishing with 3 um and 1 um diamond paste. After
mechanical polishing, the specimens were degreased in
acetone, rinsed in deionized water, and dried using a cold
air jet.

Microstructural Characterization
Scanning Electron Microscopy (SEM)

For a thorough analysis of the morphology and compo-
sition of areas of interest on the surfaces of the alloys,
before the procedure described in (a), the Quanta™ 650
FEG microscope was used, coupled with energy-disper-
sive X-ray spectroscopy (EDX). Images and EDX analyses
were obtained using an acceleration voltage of 20 kV.

Scanning Kelvin Probe Force Microscopy (SKPFM)

Scanning Kelvin Probe Force Microscopy (SKPFM) was
performed using the Nanoscope IIIa MultiMode micro-
scope in tapping mode. To SKPFM analyses, both, topo-
graphic and surface potential images, were captured using
the lift mode. The measurements were carried out at room
temperature and humidity levels ranging from 30 to 55%.
The collected data were analysed using NanoScope Analy-
ses 1.5 software.

Table 1 Chemical composition

N Elements Aluminium alloys

of the studied alloys (wt.%)

obtained by inductively coupled AA2024-T3 AA2198-T8 AA2198-T851 AA7475-T761

plasma optical emission

spectrometry (ICP-OES) Al Balance
Cu 4.8 (3.84.9) 3.34(2.9-3.5) 3.31(2.9-3.5) 1.52 (1.2-1.9)
Mg 0.59 (1.2-1.8) 0.31 (0.25-0.80) 0.31 (0.25-0.80) 1.8 (1.9-2.6)
Mn 0.52 (0.3-0.9) 0.003 (< 0.50) 0.003 (£ 0.50) 0.05 (£0.06)
Li - 0.95 (0.81-1.1) 0.96 (0.81-1.1) -
Fe 0.18(£0.5) 0.04 (<£0.10) 0.04 (£0.10) 0.07 (£0.12)
Zn 0.11 (£0.25) 0.006 (< 0.35) 0.006 (£ 0.35) 6.10 (5.2-6.2)
Si 0.07 (£0.5) 0.04 (<£0.08) 0.03 (< 0.08) 0.03 (£ 0.06)
Zr - 0.05 (0.04-0.18) 0.05 (0.04-0.18) -
Ag - 0.26 (0.2-0.3) 0.25 (0.2-0.3) -
Cr - - 0.20 (0.18-0.25)

Values in parentheses present the composition specification according to ASM [43] for the aluminium

alloys.
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Image Analyser to Microstructural Characterization

Statistical analysis of each alloy was carried out using
Image]® software, enabling the examination of IMPs char-
acteristics, such as size, distribution, and density.

Results

Figure 1 presents scanning electron micrographs of the sur-
faces of the four studied aluminium alloys, emphasizing the
distribution of IMPs.

The AA2024-T3 alloy (Fig. 1al-a3) shows a relatively
uniform distribution of IMPs at low magnification (Fig. 1al),
which becomes more discernible and aligned along the roll-
ing direction (indicated by yellow arrows) at higher mag-
nification (Fig. 1a3). The AA2198-T8 alloy (Fig. 1b1-b3)
exhibits a slightly more dispersed particle distribution at
low magnification (Fig. 1bl), with clear alignment at the
highest magnification (Fig. 1b3). The AA2198-T851 alloy
(Fig. 1c1—c3) has a significant amount of IMPs, less dense
than the AA2024-T3, but more uniformly distributed, as it
shows at low magnification (Fig. 1cl) with evident align-
ment at higher magnification (Figure 1c3). The AA7475-
T761 alloy (Fig. 1d1-d3) shows fewer and more spaced
particles than the other studied alloys, as it shows at low
magnification (Fig. 1d1), with a less pronounced alignment
at higher magnification (Fig. 1d3), indicating a reduced
influence of mechanical processing. This detailed multi-
scale analysis highlights the intrinsic differences in particle
distribution and alignment among the 2XXX and 7XXX
aluminium alloys, which are crucial for understanding
their performance in aerospace applications. This detailed

Fig. 1 Scanning electron micro-
graphs of the tested aluminium
alloys, showing constituent
intermetallic particles (IMPs):
al, bl, cl, and d1 at low mag-
nification; higher magnification
a2, b2, ¢2, and d2 of the dashed
regions in (al, b1, cl, and d1);
and a3, b3, ¢3, and d3 higher
magnification of the dashed
regions in (a2, b2, ¢2, and d2).
The yellow arrows indicate the
rolling direction. The yellow
and blue circles indicate iso-
lated and clustered particles in
(a3-d3), respectively

(al)  2024-T3
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multi-scale analysis reveals differences in particle distribu-
tion and alignment within the studied batches of 2XXX and
7XXX aluminium alloys. However, these characteristics are
not inherently characteristic of all alloys within these series,
as they are closely linked to the specific fabrication pro-
cesses and parameters used in each batch. Thus, the findings
underscore the critical role of fabrication history in assessing
the performance of these alloys, particularly in aerospace
applications. Although these particles do not contribute to
increase mechanical strength, they significantly influence the
corrosion development process [5] and anodizing behaviour
[9].

The distribution of IMPs in both alloys is shown in Fig. 2,
as presented by the histograms. The plots represent particle
counts as a function of size (um), highlighting the variability
in the distribution and size of IMPs between different alloys.
In the SEM images, blue circles and yellow circles represent
particles larger and smaller than 5 um, respectively.

In the AA2024-T3 alloy (Fig. 2a), there is a predomi-
nance of small particles, mainly below 5 um, with some
larger particles reaching up to 20 um. SEM images (Fig 2al)
confirm this distribution, showing a dense concentration of
small particles (yellow circles) with a few larger particles
(blue circles). The AA2198-T8 alloy (Fig. 2b) shows a
similar trend, with a concentration of smaller particles but
a broader distribution, compared to the AA2024-T3. SEM
images (Fig. 2bl) illustrate this distribution, with a variety
of particle sizes scattered across the surface. In the AA2198-
T851 alloy (Fig. 2¢), particle distribution is narrower, with
most particles size below 10 um. SEM images (Fig. 2c1)
support this observation, showing fewer large particles and
a more uniform distribution of smaller particles. Finally, the
AA7475-T761 alloy (Fig. 2d) reveals the lowest density of

2198-T851
5

(dl) 7475-T761
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IMPs, with smaller than 5 um. SEM images (Fig. 2d1) show
a sparse distribution of particles, with fewer occurrences of
larger particles.

Following the detailed microstructural analysis presented
in Figs 1 and 2, Table provides statistical data of the IMPs
in the studied aluminium alloys.

Table 2 shows that the AA2024-T3 alloy has the high-
est population density of IMPs (3472 + 157/mm?) with the
second largest average size (3.9+2.6 pm) and the high-
est percentage area covered by these particles (1.4%). In
contrast, the AA7475-T761 alloy has the lowest popula-
tion density (626 +75/mm?), with the smallest average size
(3.7+2.1 um) and the lowest percentage area (0.14%). The
AA2198-T8 and AA2198-T851 alloys have intermediate val-
ues, with the T8 alloy showing a higher population density
(1948 +242/mm?) compared to the T851 one (1389 + 149/

0 =
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
Size (um)

mm?), but both alloys have similar percentage areas (0.25%
for T8 and 0.22% for T851). Regarding average particle size,
the AA2198-T8 alloy (4.6 +2.5 pm) has the largest parti-
cles among the alloys studied, while the T851 condition
(3.8 £ 1.5 um) has values closer to those of the AA2024-T3.

To better highlight these variations, the relative differ-
ences in population density and average particle size were
calculated using the AA2024-T3 alloy as a reference. The
results show that the population density in the AA2198-T8
and AA7475-T761 alloys is 44% and 82% lower, respec-
tively, compared to the AA2024-T3 alloy. Similarly, the
AA2198-T851 alloy has a 60% lower population density
than the reference alloy. In terms of average particle size,
the AA2198-T8 alloy displays an 18% increase relative to
the AA2024-T3 alloy, while the AA2198-T851 alloy shows
a slightly smaller size difference of —3%. The AA7475-T761

Table 2 Statistical data of the constituent intermetallic particles (IMPs) present in the alloys used in this study. Results obtained through the
analysis of 20 randomly selected areas, each with dimensions of 3 X 2.5 mm

Aluminium alloy Density (particles/ Relative difference Average size (um) Relative difference Area (%)
mm?) (%) (%)

AA2024-T3 3472+157 - 39426 - 1.4

AA2198-T8 1948 +242 —-44 4.6+2.5 +18 0.25

AA2198-T851 1389+ 149 -60 38+1.5 -3 0.22

AA7475-T761 626+75 -82 3.7+2.1 -5 0.14

The relative difference is calculated using AA2024-T3 as the reference alloy.
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alloy has the smallest average particle size, with a rela-
tive difference of —5% compared to the reference alloy
(AA2024-T3).

These relative differences underline the impact of chemi-
cal composition and thermomechanical treatments on the
microstructure of the alloys. The higher population density
observed in the AA2024-T3 alloy reflects its higher content
of Cu and Fe, which promotes the formation of intermetallic
phases. Conversely, the lower density in the AA7475-T761
alloy can be attributed to the predominance of Zn and Mg,
which exhibit higher solubility in the aluminium matrix and
therefore result in fewer intermetallic particles. The larger
average size of particles in the AA2198-T8 alloy may be
a consequence of the presence of Li, which modifies the
precipitation dynamics of intermetallic phases. Similarly,
the intermediate behaviour observed in the AA2198-T851
alloy suggests that its thermomechanical treatment reduces
the formation of large intermetallic particles, yielding char-
acteristics closer to those of the AA2024-T3 alloy.

The high particle density in the AA2024-T3 alloy, com-
bined with its greater compositional complexity, is associ-
ated with increased susceptibility to localized corrosion. On
the other hand, the lower density in the AA7475-T761 sug-
gests greater resistance in corrosive environments, highlight-
ing the suitability of this alloy for aerospace applications.

The distribution of elements in the IMPs was initially
analysed using energy-dispersive X-ray spectroscopy (EDX)
mapping, as presented in Fig. 3. Figure 3a—e shows scan-
ning electron micrographs of the aluminium alloy surfaces,
highlighting the IMPs, while Fig. 3al—el presents the cor-
responding EDX maps.

In the AA2024-T3 alloy (Fig. 3a-bl), two types of IMPs
were identified. One contains significant amounts of alu-
minium (Al), copper (Cu), and magnesium (Mg) (Fig. 3al),
while the other includes additional elements such as iron
(Fe), manganese (Mn), and silicon (Si) (Fig. 3b1).

The AA2198 alloy in both treatments, T8 and T851
(Fig. 3c—dl1), exhibits similar intermetallic particle compo-
sitions. The EDX maps show the presence of Al, Cu, and Fe
within these particles. In an initial analysis, the AA7475-
T761 alloy (Fig. 3e and el) shows a distribution of elements
like that of the AA2198 tested alloys. This suggests that
although the overall chemical composition of the alloys dif-
fers, the composition of the IMPs is similar.

EDX maps (Fig. 3) reveal the spatial distribution of
elements across alloy surfaces; spot EDX analysis allows
precise measurement of elemental concentrations at spe-
cific locations within IMPs. This provides a more accurate
understanding of the composition of individual particles and
facilitates deeper insight into variations in elemental content,
as shown in Fig. 4.

In the AA2024-T3 alloy (Fig. 4a), three types of IMPs
are evident. Particle 1 is composed of Al (63.3 wt.%), Cu

@ Springer

(23.5 wt.%), and Mg (13.2 wt.%); particle 2 contains Al
(72.1 wt.%), Cu (12.5 wt.%), Fe (9.1 wt.%), and Mn (5.4
wt.%); and particle 3 consists of Al (71.1 wt.%), Cu (12.5
wt. %), Fe (9.1 wt.%), Mn (4.2 wt.%), and Si (3.1 wt.%).
The EDX spectra in Fig. 4 highlight the variability in the
composition of IMPs within the AA2024-T3 alloy. As
indicated in Table 3, the analysis of 60 individual particles
from this alloy shows distinct variations in Cu, Mg, Mn,
and Si content, with average compositions of Al-Cu-Mg
(A158.2% +11.2%, Cu27.2% +11.1%, Mg 14.6% +5.1%),
Al-Cu-Fe-Mn (Al 75.2% +8.9%, Cu 15.6% +3.6%, Fe
5.4% +2.4%, Mn 3.8% +1.2%), and Al-Cu-Fe-Mn-Si
(Al 60.4% +5%, Cu 18.5% +3.1%, Fe 12% + 1.8%, Mn
6.9%+1.3%,S12.2% +1.1%).

For the AA2198-T8 alloy (Fig. 4b), an intermetallic
particle (particle 4) is composed of Al (61.5 wt.%), Cu
(25.4 wt.%), and Fe (13.1 wt.%). Similarly, the AA2198-
T851 alloy (Fig. 4c) reveals an intermetallic particle (par-
ticle 5) with Al (63.3 wt.%), Cu (26.1 wt.%), and Fe (10.6
wt.%). The EDX spectra (Fig. 4c1) show similar composi-
tions to the AA2198-T8 alloy, with slight variations in the
Cu and Fe content. Table 3 further supports these findings,
indicating an average composition for AA2198-T8 of Al
(61.7% +9.6%), Cu (27.9% +7.1%), Fe (10.1% +2.7%),
and for AA2198-T851 of Al (50.1% +8.8%), Cu
(38.5%+7.6%), Fe (11.1% +3.2%).

Although the EDX analysis employed in this study was
unable to detect lithium in the intermetallic particles of the
AA2198-T8 and AA2198-T851 alloys, it is important to
consider the lithium content in the alloys, approximately
1 wt.%. Previous studies on similar Al-Cu-Li alloys have
suggested that particles with high copper content likely
contain significant amounts of lithium, which remains
undetectable by conventional EDX methods due to its
low atomic number [44]. This suggestion was later con-
firmed through more suitable techniques, such as electron
microprobe analysis equipped with a soft X-ray emission
spectrometer (SXES) [45], which revealed the presence of
lithium in the intermetallic particles of Al-Cu-Li alloys.
Thus, it is possible that the intermetallic particles identi-
fied in the present study also contain lithium, even though
this was not detectable with the analytical techniques
employed.

In the AA7475-T761 alloy (Fig. 4d), two types of IMPs
are observed: particle 6 contains Al (77.3 wt.%), Cu (6.1
wt.%), and Fe (16.6 wt.%), while particle 7 is composed
of Al (63.3 wt.%), Cu (26.1 wt.%), and Fe (10.6 wt.%).
The EDX spectra (Fig. 4d1) highlight the varying cop-
per content in these particles, with spectrum 6 showing
lower levels of Cu and spectrum 7 showing higher levels
of Cu. Table 3 corroborates this, indicating that high-cop-
per-content particles have an average composition of Al
(57.3%+9.3%), Cu (27.5% +2.6%), and Fe (15.2% +4.4%),
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Fig.3 Scanning electron micro-
graphs of the Al alloys surface
showing a—e constituent inter-
metallic particles (IMPs) and
corresponding EDX elemental
maps (al—el) illustrating the
distribution of elements within
the IMPs
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Fig.4 a-d Scanning electron
micrographs of the Al alloy
surface showing constituent
intermetallic particles (IMPs)
and their corresponding EDX
spectra, taken from red points
(IMPs) and blue points (alloy
matrix) as indicated in (a—d)
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1501

cps/eV

cps/eV
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04
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Table 3 Average composition of the constituent intermetallic particles (IMPs) present in the Al alloys used in this study (wt.%). Results obtained
through the analysis of 60 IMPs in each alloy

Aluminium alloys EDX point Al Cu Fe Mg Mn Si Zn
AA2024-T3 Al-Matrix 95.1+2.3 38+14 - 1.1+1.0 - - -
Al-Cu-Mg 582+112 272+11.1 - 14.6+5.1 - - -
Al-Cu-Fe-Mn 752+89 15.6+3.6 54+24 - 38+12 - -
Al-Cu-Fe-Mn-Si 60.4+5 185+3.1 12+1.8 - 69+13 22+1.1 -
AA2198-T8 Al-Matrix 95.8+0.8 3.9+0.8 - 03+0.1 - - -
Al-Cu-Fe 61.7+9.6 279+7.1 10.1+2.7 - - - -
AA2198-T851 Al-Matrix 942+0.3 55+03 - 03+0.1 - - -
Al-Cu-Fe 50.1+8.8 38.5+7.6 11.1+£32 - - -
AAT7475-T761 Al-Matrix 902+1.9 1.7+£0.8 - 23+0.08 - - 5.8+0.2
Al-Cu-Fe (High-copper- containing) 57.3+9.3 27.5+2.6 152+44 - - - -
Al-Cu-Fe (Low-copper- containing) 78.5+7.59 54+1.5 16.1+£6.6 - - - -

* Lithium cannot be detected by the EDX employed in the present work.

@ Springer
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while low-copper-content particles have an average com-
position of Al (78.5% +7.59%), Cu (5.4% + 1.5%), and Fe
(16.1% +6.6%).

These findings emphasize the significant compositional
differences and similarities among the alloys, particularly in
terms of Cu, Mg, Mn, and Si for AA2024-T3; Cu and Fe for
AA2198; and copper content for AA7475-T761.

The analysis of IMPs in these alloys provides a deeper
understanding of the compositional differences that can
influence their properties and performance. To further quan-
tify these differences, the average Cu/Fe and Cu/Mg ratios
of the IMPs present in the aluminium alloys studied are pre-
sented in Table 4.

Table 4 presents the average Cu/Fe and Cu/Mg ratios of
the IMPs present in the aluminium alloys used in this study,
with the results obtained through the analysis of 60 IMPs in
each alloy. For the AA2024-T3 alloy, the Al-Cu-Mg parti-
cles exhibit a Cu/Mg ratio of (2.20 +0.9), while the Al-Cu-
Fe-Mn particles show a Cu/Fe ratio of (3.1 +0.6), and the
Al-Cu-Fe-Mn-Si particles have a Cu/Fe ratio of (1.5+0.2).
The AA2198-T8 alloy has a Cu/Fe ratio of (2.8 +0.4) for
its IMPs. Similarly, the AA2198-T851 alloy displays a Cu/
Fe ratio of (2.6+0.2). In the AA7475-T761 alloy, the high
Cu IMPs have a Cu/Fe ratio of (2.16+0.3), and the low Cu
particles exhibit a Cu/Fe ratio of (0.4+0.1).

The similarities in the Cu/Fe ratios for the AA2198 alloys
reinforce that the composition of the IMPs in these alloys
is comparable. In contrast, the AA7475-T761 alloy shows
significant differences in Cu/Fe ratios between high- and
low-copper-containing IMPs, indicating a variation in IMPs
composition. Additionally, the AA2024-T3 alloy exhibits
distinct variations in the Cu/Fe ratios among its different
types of IMPs, further highlighting the diverse composition
of IMPs in this alloy.

Although the differences in Cu/Fe and Cu/Mg ratios may
appear minor and within the margin of error of the EDX
technique, they provide valuable insights into the composi-
tional variability of the IMPs across the alloys studied. These
differences, even when subtle, can significantly influence the
electrochemical behaviour of the particles [18]. Higher Cu/
Fe ratios, as observed in the AA2024-T3 alloy (3.1 +£0.6),

are associated with increased cathodic activity of interme-
tallic particles relative to the matrix [46]. This behaviour is
known to promote trenching corrosion, where the localized
cathodic activity around copper-rich IMPs accelerates the
anodic dissolution of the surrounding matrix [47]. The lower
Cu/Fe ratio observed in the AA7475-T761 alloy (2.16+0.3),
combined with the presence of low-copper-containing (Cu/
Fe=0.4+0.1), suggests reduced cathodic activity of its
IMPs, which likely contributes to its superior resistance to
trenching corrosion compared to AA2024-T3.

The variations in the chemical composition of the parti-
cles in different alloys, as presented in the previous results,
lead to differences in their potential relative to the matrix.
This phenomenon is demonstrated in Fig. 5 through SKPFM
analysis.

Although SKPFM cannot distinguish the exact chemi-
cal composition of the particles, the potential variation pre-
sented in (Fig. 5b) clearly shows a distinction between the
IMPs and the aluminium matrix, consistent with findings
reported in the literature [48]. Specifically, Fig. 5a presents
AFM images of the IMPs and the surface potential map of
these particles. Additionally, Fig. 5b shows a topography
(blue line) and Volta potential (red line) analysis across the
IMPs, as indicated in Fig. 5a. The potential difference shown
in Fig. 5b, with a A¥Y of + 330 mV, indicates a cathodic
behaviour of the IMPs relative to the Al matrix. Moreover,
the height variation on a nanometric scale of the particle
relative to the matrix causes discontinuity in the passive
film, consequently reducing the corrosion resistance of the
aluminium alloys.

Table 5 summarizes the average height and Volta poten-
tial of the IMPs present in the alloys under study. These
results, obtained through the analysis of 15 IMPs in each
alloy, reveal that the IMPs exhibit a positive Volta poten-
tial relative to the aluminium matrix. This indicates a dis-
tinct electrochemical behaviour compared to the Al matrix,
underscoring variations in both the topographical and elec-
trochemical characteristics of the IMPs across different alu-
minium alloys.

These results show distinct potentials of the IMPs com-
pared to the Al matrix, highlighting variations in both,

Table 4 Average Cu/Fe and Aluminium Alloys

Relation among the elements present in IMPs

Cu/Mg ratios of the constituent

intermetallic particles (IMPs) IMPs Cu/Fe Cu/Mg

present in the Al alloys used

in this study (wt.%). Results AA2024-T3 Al-Cu-Mg - 2.20+0.9

obtained through the analysis of Al-Cu-Fe-Mn 3.1+0.6 _

60 IMPs in each alloy Al-Cu-Fe-Mn-Si 15402 _
AA2198-T8 Al-Cu-Fe 2.8+04 -
AA2198-T851 2.6+0.2 -
AA7475-T761 Al-Cu-Fe (high copper containing) 2.16+0.3 -

Al-Cu-Fe (low copper containing) 0.4+0.1 -
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Fig.5 a AFM images and b

surface potential map of con- (a) (b)
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Table 5 Average height

8 Aluminium alloys
and Volta potential of the

Constituent intermetallic particles characteristics

constituent intermetallic Height (nm) Volta potential (A¥Y — mV) Relative difference
particles (IMPs) present in in Volta potential
the alloys under study. Results (%)
obtained through the analysis of
15 IMPs in each alloy AA2024-T3 72.7+21.3 +371.2+77.8 -
AA2198-T8 345+16.3 +403.1+106.5 +8.6
AA2198-T851 55.2+29.1 +312.4+126.7 +6.6
AA7475-T761 48.1+17.7 +368.5+31.8 -0.7

The relative difference is calculated using AA2024-T3 as the reference alloy.

topographical and electrochemical characteristics of the
IMPs, across different aluminium alloys. The height of the
IMPs in the AA2024-T3 alloy is the largest among the alloys
studied (72.7 nm), which reflects its complex compositional
nature and the prevalence of larger intermetallic phases. In
contrast, the AA2198-T8 and AA7475-T761 alloys exhibit
significantly lower heights, with reductions of 53% and 34%,
respectively, relative to the AA2024-T3 alloy. The AA2198-
T851 condition, with a height of 48.3 nm, shows intermedi-
ate behaviour, aligning closely with the AA7475-T761 alloy.
These variations underline the impact of thermomechanical
treatments and compositional differences on the size and
distribution of intermetallic particles.

It is important to note that the measured height of the IMPs
represents only the portion of the particles exposed above the
polished surface of the aluminium alloy samples. The results
reported here provide a two-dimensional view of the polished
surface, as a significant part of the IMPs remains embedded
within the aluminium matrix. This partial exposure limits
the ability of topographical measurements to capture the full
morphology and size of the particles. Such limitations may
influence the measured Volta potential, as reported in the lit-
erature [48], where variations in the visible size or height of
particles can alter the observed values. Since Volta potential is
determined with atomic precision, larger or partially embed-
ded particles may exhibit different electrochemical behaviours
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due to changes in their exposed surface area and interaction
with the surrounding matrix.

In terms of electrochemical potential, the Volta potential
values varied in a range from+368.5 mV (AA7475-T761)
to+403.1 mV (AA2198-T8), with the AA2024-T3 alloy
at+371.2 mV and the AA2198-T851 at+395.7 mV. The rela-
tive differences indicate that the AA2198 alloys (T8 and T851)
exhibit slightly higher potentials compared to the AA2024-T3
alloy, with increases of 8.6% and 6.6%, respectively. These
results suggest that the AA2198 alloys present a cathodic
behaviour relative to the matrix, influenced by the presence of
lithium and the specific thermomechanical treatments applied
[49]. The AA7475-T761 alloy, on the other hand, shows the
lowest potential difference (—0.7%), highlighting its fairly
compositional simplicity and uniformity of intermetallic
phases.

The values reported in Table 5 are consistent with the
SKPFM data reported for the AA2024 alloy in the works of
Patrik Schmutz and Gerald S. Frankel [50], for the AA2198
alloy by Araujo et al. [17], and for the AA7475 alloy by Zhan
et al. [51] in their studies of the AA7075 alloy.
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Discussion

The differences observed among the studied alloys can be
primarily attributed to their distinct chemical compositions
and the specific thermomechanical treatments they have
undergone. These factors play a crucial role in determining
the size, distribution, and chemical nature of the IMPs in

Fig.6 a Diagram illustrating
the characteristics of constituent
intermetallic particles (IMPs) in

each alloy. A diagram to summarize the characteristics of
these particles is provided in Fig. 6.

The AA2024-T3 (Al-Cu-Mg) alloy exhibited the high-
est density of IMPs per unit area, followed by the AA2198
(Al-Cu-Li) alloys in both T8 and T851 tempers, and finally
the AA7475-T761 (Al-Zn-Mg) alloy, with the lowest IMPs
density (Fig. 6a). The IMPs in the AA2024-T3 alloy also
displayed greater morphological variability, indicating the
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significant influence of its complex chemical composition
on particle formation.

As shown in Fig. 6b, the IMPs in the AA2024-T3 alloy
exhibit a variety of shapes. The Al-Cu-Mg particles tend
to be more spherical with smoother boundaries. On the
other hand, the Al-Cu-Fe-Mn and Al-Cu-Fe-Mn-Si parti-
cles exhibit angular and irregular shapes. In the AA2198
alloy, the Al-Cu-Fe particles exhibit irregular shapes, often
with faceted edges. In the AA7475-T761 alloy, high-copper-
containing IMPs tended to have more angular and irregular
shapes, while those with low-copper-containing ones gener-
ally had spherical morphologies with smooth boundaries.

The low solubility of Fe in all alloys, due to its low solu-
bility in the Al matrix [40], explains its consistent identi-
fication in the IMPs across different compositions. In the
AA2024-T3 alloy, three distinct types of IMPs were iden-
tified: Al-Cu-Mg, Al-Cu-Fe-Mn, and Al-Cu-Fe-Mn-Si. In
contrast, the AA2198 alloy, characterized by its composition
with Li, Cu, Mg, Fe, and Ag content, exhibited only Al-
Cu-Fe IMPs. This suggests that the thermomechanical treat-
ments applied to the AA2198 alloy did not significantly alter
the composition of its IMPs. Studies [44] on the AA2099
alloy have shown that small variations in Li, Mn, and Zr
content can substantially alter the composition of IMPs.
However, such variations were not observed in the AA2198
alloy, highlighting the nuanced relationship between alloy
composition and processing conditions.

The findings from the AA2198 alloy underscore the
importance of precisely controlling alloying elements and
thermomechanical treatments to achieve the desired micro-
structural characteristics. This suggests that alloy design
strategies for the AA2198, and similar advanced aluminium
alloys, must account for subtle compositional and process-
ing variations to optimize the formation and distribution
of intermetallic particles (IMPs). Previous studies, such as
those conducted on the AA2099-T8 alloy [44], have iden-
tified the presence of Al-Fe—-Mn—Cu multiphase particles,
where phases with varying copper content are in distinct
regions of the particle— high-copper-containing phases in
the centre and low-copper-containing phases on the periph-
ery. In contrast with these observations, the AA2198 alloy
of the present study did not reveal such multiphase charac-
teristics in its intermetallic particles, which were primarily
composed of AlI-Cu-Fe. The absence of these complex par-
ticle morphologies may be attributed to the specific thermo-
mechanical treatments applied to the alloy, which seemingly
did not significantly alter the composition of the IMPs [52].
Although the techniques used in this study (SEM and EDX)
were sufficient to characterize the general composition and
morphology of the particles, more advanced techniques,
such as XRD/TEM, could provide additional insights into
the crystal structure and phase distribution of the IMPs [7,
22, 45, 53]. These methods would be particularly useful in
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exploring potential multiphase characteristics that may have
been overlooked due to the resolution limitations of the cur-
rent analysis.

Nevertheless, the subtle relationship between alloy
composition and processing conditions remains critical, as
demonstrated by studies on the AA2099 alloy, where small
variations in elements, such as Li, Mn, and Zr, can lead to
substantial changes in the composition of the IMPs. There-
fore, future research should focus on elucidating the specific
mechanisms by which these factors influence IMPs evolu-
tion, with the aim of enhancing mechanical properties and
corrosion resistance, particularly in aerospace applications.

For the AA7475-T761 alloy, two types of IMPs were
observed, characterized by low and high copper containing.
Despite containing Zn, Mg, Cu, and Fe, only Cu and Fe were
identified in its IMPs, likely due to the high solubility of Zn
and Mg in the Al matrix. The formation of low-copper-con-
taining IMPs, as suggested by Ma and co-authors [44], must
result from diffusion of Cu from high-copper-containing
ones to the surrounding matrix during homogenization and
subsequent thermomechanical processing. This underscores
the significant impact of thermal treatment and processing
conditions on IMPs formation.

The chemical composition and resulting microstructural
characteristics of the AA7475-T761 alloy are critical to its
superior resistance to localized corrosion. The lower cop-
per content observed in certain IMPs likely reduces their
cathodic activity relative to the aluminium matrix [54, 55].
This reduction in cathodic activity minimizes the tendency
for trenching corrosion, a phenomenon where high-copper-
containing IMPs, as observed in systems like AA2024-T3
[49, 54, 56, 57], act as strong cathodic sites, accelerating
the anodic dissolution of the surrounding matrix. Moreo-
ver, the homogeneity of morphology and distribution of
these low-copper-containing IMPs likely contribute to the
improved corrosion resistance of the AA7475-T761 system
in aggressive environments. These findings underscore the
importance of tailoring particle composition through pre-
cise alloying and thermomechanical treatments to optimize
corrosion resistance, particularly in aerospace applications
where environmental durability is critical.

Low-copper-containing particles were found in the
AAT475-T761 alloy but were absent in the other alloys
studied, although they have been reported in the Al-Cu-Li
AA2099 alloy. The differences in Zn, Mg, and Cu content
between the AA7475-T761 and AA2099 alloys, along with
the absence of Li in the former, suggest that specific process-
ing conditions, or subtle compositional differences, play a
critical role in IMP formation. The AA2198 alloy, differ-
ing from the AA2099 by having less Mn, more Ag, and
more Cu, did not exhibit multiphase particles, indicating
that the chemical composition of IMPs should not be gen-
eralized across alloy classes. This highlights the limitations
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of relying solely on broad generalizations found in standard
handbooks, which often lack the level of detail required to
predict the nuanced effects of IMPs on corrosion resistance
or anodization behaviour across different alloys. Compara-
tive studies, like the present work, are essential to bridge this
gap and provide a deeper understanding of these phenomena.

Considering these findings, it is clear that each alu-
minium alloy requires comprehensive investigation to fully
understand the formation and evolution of IMPs. These
studies must account for the complete manufacturing his-
tory, including precise chemical compositions and process-
ing conditions. For instance, the differences observed in
the AA2024-T3 alloy, which exhibited the highest density
and greatest morphological variability of IMPs, highlight
the need for alloy-specific studies. Previous studies, such
as those reported in the literature on the AA2099 alloy
[44, 58, 59], also indicate that small variations in alloying
elements can significantly alter the composition of IMPs.
These studies are crucial for developing optimized process-
ing protocols that can effectively control the characteristics
of IMPs, ultimately enhancing the mechanical property,
corrosion resistance, and overall durability of high strength
aluminium alloys.

Moreover, the distinct behaviours observed among dif-
ferent aluminium alloys, such as the AA2099 reported in
the literature [44], and the AA2198 [17], the focus of this
study, suggest that even subtle compositional and process-
ing variations can substantially impact the formation and
distribution of IMPs. This underscores the limitations of
broad generalizations across alloy systems and reinforces
the importance of conducting detailed, alloy-specific inves-
tigations. These studies will allow a deeper understanding
of the microstructural factors influencing IMPs behaviours,
which is essential for advancing alloy design and process-
ing strategies. In particular, such research will be critical for
aerospace applications, where improving the performance of
aluminium alloys is critical to achieving superior mechani-
cal properties and long-term reliability under demanding
service conditions.

Conclusions

a) The AA2024-T3 alloy is characterized by at least three
primary types of constituent intermetallic particles
(IMPs): Al-Cu-Mg, Al-Cu-Fe-Mn, and Al-Cu-Fe-Mn-
Si. In contrast, the AA2198 alloys of this study pre-
dominantly contain a single type of constituent particle,
identified as Al-Cu-Fe. The AA7475-T761 alloy shows
two types of IMPs with varying Cu contents, one of low
copper containing and another of high copper contain-
ing.

b) The sizes of the IMPs vary significantly between the
alloys of this study. The AA2024-T3 alloy exhibits the
greatest variation, with particle sizes ranging from 1 pm
to 22 pm, while the AA2198 alloys show particle sizes
ranging from 1 pm to 14 pm. In the AA7475 alloy, the
IMPs are significantly smaller, with sizes ranging from
1 pm to 12 pm.

¢) The chemical composition of the IMPs shows signifi-
cant variations, particularly in copper content. In the
AA2024-T3 alloy, copper content ranges from 15.6 wt.%
to 27.2 wt.%, depending on the type of IMP, while in the
AA2198 alloys, the copper content is consistently high,
ranging from 27.9 wt.% to 38.5 wt.%. In the AA7475
alloy, IMPs were observed with two types of copper
content: high (around 27.5 wt.%)- and low (nearly 5.4
wt.%)-copper-content ones.

d) The techniques employed in this study, including SEM
and EDX, provided valuable insights into the morphol-
ogy, size, and composition of the IMPs. However, future
studies employing advanced techniques, such as XRD/
TEM, could reveal additional details about the crystal-
line structure and phase distribution of these particles,
particularly in alloys like AA2198, where no multiphase
characteristics were detected in the IMPs. Such studies
would be crucial to further elucidate the impact of subtle
compositional and processing variations on IMP forma-
tion and evolution.
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