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Abstract
Microstructure characteristics of two high-strength aluminum alloys, the 2024-T3 Al–Cu–Mg, and the new generation 
Al–Cu–Li alloy 2198, in the T8 and T851 tempers, were investigated in this study. For this purpose, microstructural and 
statistical analyses were carried out. The results showed equiaxed grains for the 2024-T3 and 2198-T851 alloys, whereas, 
elongated grains for the 2198-T8. Besides, the 2198-T851 alloy displayed slip bands in the grains due to the stretching stage, 
“51”. The 2024-T3 alloy showed at least two types of constituent particles, Al–Cu–Mg and Al–Cu–Mn–Fe–(Si); whereas 
Al–Cu–Li alloys showed only one type, Al–Cu–Fe, in their composition. Statistical analyses showed that the percentage of 
area covered by constituent particles was larger in the 2024-T3 alloy compared to the 2198 in both tempers, T8 and T851. 
On the other hand, the Al–Cu–Li alloys showed higher microhardness values relatively to the Al–Cu one. The differences 
among the nanometric phases present in Al–Cu and Al–Cu–Li alloys were analyzed by transmission electron microscopy. 
All the results were related to the different chemical composition and industrial thermomechanical processing of each alloy.
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Introduction

In the last decades, the aerospace industry has been innova-
tive in the development of lighter materials with improved 
mechanical resistance [1, 2]. Al alloys have been widely 
used by aeronautic industries mainly in commercial aircraft 
[3, 4]. The aircraft structure is usually composed of about 
70% of Al alloys, 7% of Ti alloys, 11% of steel plates, 11% 
of composites, and 1% of other materials [5]. The Al alloys 
belonging to 2XXX series are the most used materials in 
the aircraft manufacturing [3–6]. They are applied as fuse-
lage/pressure cabin, upper wing, lower wing, horizontal 
stabilizers, being constantly submitted to various types of 
service loading. Thus, properties such as elastic modulus, 

compressive yield strength, tensile strength, fatigue, fatigue 
crack growth, fracture toughness and corrosion resistance 
are required [7].

The 2024 alloy stands out in aircraft applications [8, 9]. 
Nevertheless, the search for lighter materials resulted in the 
development of the Al–Cu–Li alloys [10, 11]. The addition 
of Li in the Al–Cu alloys has been reported to reduce their 
density and increase their elastic modulus [12]. These alloys 
show excellent properties for aeronautic applications, and 
could replace the 2024 alloy [13]. For instance, compared 
to the conventional Al alloys, the Al–Cu–Li one promotes 
a weight reduction that varies from 7 to 14%, according to 
the component replaced (fuselage, upper wing and skin) 
[5]. Among the Al–Cu–Li alloys, the 2198 one has been 
attracting much attention. It has 0.8–1.1 wt% of Li in its 
composition [8, 10, 14, 15]. Currently, this alloy has been 
applied in the structures of the C919 commercial aircraft 
manufactured by Commercial Aircraft Corporation of China 
Ltd. (COMAC) [16–18], which competes with Airbus A320 
and Boeing 737 in the aircraft market.

Many researchers have investigated the dissimilarities 
between Al–Cu and Al–Cu–Li alloys, such as: the influ-
ence of industrial thermomechanical process in the alloys’ 
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mechanical properties [19, 20], exfoliation/intragranular 
corrosion resistance [21–24] and the differences between 
the electrochemical behavior of these alloys [25–27]. In the 
literature, some properties of the 2024 and 2198 alloys, spe-
cifically fatigue [28–35] and corrosion resistance [36–40] 
were investigated and compared.

The microstructure of the materials influences their physi-
cal and chemical properties, such as hardness [41], rough-
ness [42, 43], elasticity [44–46], plasticity [45, 47], ano-
dizing ability [48–53], electrochemical behavior [54–56], 
corrosion resistance [57–59]. Therefore, it is very impor-
tant to investigate the microstructure characteristics of the 
materials.

The Al-alloys microstructure is composed by coarse 
intermetallic particles (size range of 1–50 μm), dispersoids 
(varying from 0.05 to 0.5 μm), and fine precipitates (with 
sizes 1–100 nm) [60]. The microstructure characteristics 
of conventional Al–Cu alloys and the third-generation of 
Al–Cu–Li alloys are mainly influenced by their chemical 
composition. The composition variation between these 
alloys is responsible for the different nature of their micro-
metric and nanometric particles, and this justifies a detailed 
investigation of these characteristics. However, this matter 
has not yet received the deserved attention and is scarcely 
reported in the literature.

In order to assure the good performance of aircraft 
components the study of the microstructure of the alloys 
employed in their fabrication is of fundamental importance. 
Differences related to the expected microstructure and that 
obtained after material processing have a great impact on 
the component corrosion resistance and its mechanical prop-
erties. Moreover, concerns on the climate changes require 
efforts from the materials researchers to develop materials 
that lead to reduction in gas emissions volume. In this way, 
this paper investigates the microstructure of the conventional 
2024-T3 alloy and the new generation 2198 Al–Cu–Li alloy 
in the tempers T8 and T851, showing the differences and 
similarities between these two types of alloys.

Materials

The chemical composition of the alloys used in this study is 
presented in Table 1. The alloys were evaluated maintaining 
their original commercial tempers, specifically T3 (2024), 
T8 (2198), and T851 (2198). The description of these tem-
pers [61] is shown in Table 2.

Surface Preparation

The surface of the studied samples was ground with silicon 
carbide paper up to #4000 and, then, polished with diamond 
suspensions of 3 μm and 1 μm. The surface of the alloys was 

observed after etching in a solution with 2 (v/v)% hydrofluo-
ric and 25 (v/v)% nitric acid.

Microhardness Measurements

Microhardness measurements were carried out in a Bue-
hler 1600 series Microhardness equipment using a load of 
300 g for a dwell time of 15 s. A total of 40 measurements 
were recorded for each alloy and, then, the mean values were 
estimated.

Optical Microscopy (OM)

The microstructure of each alloy was observed by optical 
microscope using a Leica DMLM equipment coupled to a 
Leica EC3 camera and controlled by a LAS ES software.

Scanning Electron Microscopy (SEM)

Analysis of the alloys microstructure of was also carried 
out by SEM using a JSM-6701F microscope equipped with 
energy dispersive X-ray spectroscopy (EDS) detectors.

Transmission Electron Microscopy (TEM)

The nanometric phases were analyzed by transmission elec-
tron microscopy (TEM) by means of a JEM-2100 micro-
scope, operating at 200 kV. The analyzed samples were pre-
pared by grounding with SiC paper #1200 until reaching an 
average thickness of 100 μm. Then, discs of approximately 
2 mm of diameter were prepared. Subsequently, the discs 
were grounded until an appropriate thickness for electrolytic 
etching was reached. Electrolytic etching was performed 
using a TenuPol equipment and a stainless steel plate as 
cathode. The electrolyte used was composed of a mixture of 

Table 1.  Chemical composition of the alloys (wt%) obtained by 
inductively coupled plasma optical emission spectrometry (ICP-OES)

Elements Aluminum alloys

2024-T3 2198-T8 2198-T851

Al Balance Balance Balance
Cu 4.8 3.34 3.31
Mg 0.59 0.31 0.31
Mn 0.52 0.003 0.003
Li – 0.95 0.96
Fe 0.18 0.04 0.04
Zn 0.11 0.006 0.006
Si 0.07 0.04 0.03
Zr – 0.50 0.40
Ag – 0.26 0.25
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20% nitric acid in methanol. The voltage during etching was 
maintained at 25 V and the temperature at – 30 °C. Selected 
area electron diffraction (SAED) patterns were recorded 
with a Gatan ES500W camera.

Image Analyzer to Microstructural Characterization

Statistical analysis of each alloy was performed using 
 ImageJ® software. Grain size was estimated from a set of 
120 grains and the number of particles per area was assessed 
by analysis of 40 images for each alloy.

Results and Discussion

The studied alloys presented different grain morphologies, 
as shown in Figs. 1 and 2. Equiaxed grains were observed 
for the 2024-T3 and the 2198-T851 alloys, whereas elon-
gated ones for the 2198-T8. Furthermore, the 2198-T851 
was the only alloy to show slip bands in preferential grains. 

As observed in Fig. 1, the grain indicated by letter “A” pre-
sents slip bands, whereas that by letter “B” does not show 
this feature.

Slip bands are favored by the T851 process, since defor-
mation is not uniform during the stretching stage. Conse-
quently, some grains will be more deformed than others, 
favoring slip bands in those grains. The presence of slip 
bands in the 2198-T851 alloy is due to the higher percent-
age of cold work (%CW) that this alloy has been exposed 
during its processing [62]. Besides, as the stretching stage 
was performed in two directions, the slip bands are seen 
in two different orientations. These microstructural features 
are responsible for the anisotropy of mechanical properties, 
particularly the yield strength, related to this temper [63]. 
The elongated grains observed in 2198-T8 reveal a strong 
textured material with grains preferentially orientated in the 
deformation direction [63].

The 2198 alloy is applied in different places of the air-
craft structure, consequently, different microstructures are 
required to guarantee the best performance in service of 

Table 2.  Tempers condition for the aluminum alloys used in this study and information relevant to the process

Designation of temper Description Aging time (h) Aging temperature (°C)

T3 Solution heat treated, cold worked, and naturally aged 10–20 160–250
T8 Solution heat treated, cold worked, and artificially aged
T851 Solution heat treated, stretching with a permanent set from 1.5 to 

3%, and then artificially aged

Fig. 1.  Optical micrographs 
of the 2024-T3, 2198-T8, and 
2198-T851 alloys. The yellow 
arrow indicates the deforma-
tion direction, and the letters 
“A” and “B” indicate the grains 
with and without slip bands, 
respectively.
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the components made with this alloy. The grain sizes of the 
alloys were estimated, as shown in Fig. 3. The correspond-
ing statistical data are presented in Table 3. The grain size 
of the 2024-T3 alloy is ten times lower than that of the 2198-
T851 alloy. Considering the 2198-T8 alloy, due to its strong 
deformed microstructure, the grain size cannot be directly 
compared to the other tested alloys; however, the length and 
width of grains were calculated. The grain width in the 2198-
T8 alloy presents an intermediary value between that of the 

other alloys, and, its grain length greatly exceeded that of 
the others, especially the 2024-T3 alloy.

Grain size of a material is dependent of its chemical com-
position, processing and heat treatment. The materials used 
in this study present different chemical composition, levels 
of deformation and heat treatment parameters (tempera-
ture, time, etc). Therefore, a direct comparison between the 
alloys grain size is not possible. However, by observation 
of the alloys microstructure, it is perceptible that the level 

Fig. 2.  Scanning electron micrographs of the 2024-T3, 2198-T8, and 2198-T851 alloys after etching. The yellow and green arrows indicate the 
deformation direction, and the grains with slip bands, respectively.

Fig. 3.  Histogram of the grain 
size distribution of the 2024-T3, 
2198-T8, and 2198-T851 alloys.
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of deformation and treatment temperatures reached for the 
2198-T8 and 2198-T851 alloys are not sufficient to promote 
grains recrystallization for the T8 condition. Despite the fact 
that both alloys, 2024-T3 and 2198-T851, presented equi-
axed grains, the differences in their grain sizes are related 
to their chemical composition and the degree of cold work 
to which they were exposed. For instance, the 2198-T851 
alloy was exposed to a stretching step followed by artifi-
cial aging, whereas the 2024-T3 alloy was naturally aged 
(at room temperature).

Grain size has an assessable effect on the main mechani-
cal properties of the material, such as: tensile strength, 
ductility, machinability [64]. For example, decreasing the 
grain size, results in increase in hardness, yield strength, 
tensile strength, fatigue strength, and impact strength [65]. 
Grain size also influences corrosion resistance. According 
to Ralston et al. [66], decrease in grain size resulted in Ecorr 
ennoblement and reduced corrosion susceptibility of pure 
Al. However, different from pure Al, mechanical and corro-
sion properties of the Al-alloys are mainly affected by pre-
cipitation of second particles during aging processes [67, 
68].

Fatigue resistance is also an important concern in the 
aircraft industry. Yin et al. [69] studied the effect of grain 
size on fatigue-crack growth in 2524 alloy, which is similar 
to the 2024 one. Nevertheless, as observed for corrosion 
resistance, the grain size affects fatigue only when harden-
ing precipitates are absent in the alloy. In this case, as the 

grain size increased, the fatigue-crack-growth rate decreased 
significantly.

Alexopoulos et al. [28–30] and Moreto et al. [35], stud-
ied the fatigue corrosion resistance of the 2024, 2198, and 
2524 alloys and found that second particles in the Al-alloys 
influences their resistance to fatigue-crack growth due to 
their different nature in relation to the matrix. Additionally 
Blanc and Mankowski [70] also reported as the particles 
sizes influences the corrosion behavior of Al alloys.

The alloys of this study contain coarse intermetallic par-
ticles with sizes in the range of 1-50 μm, known as constitu-
ent particles, Fig. 4. These particles were aligned along the 
deformation direction (as indicated by the red arrows), and 
were isolated or grouped, as shown in Fig.  5. These parti-
cles are formed during casting due to the low solubility of 
some elements, mainly Fe, in the Al matrix [71]. Besides 
Fe, elements as Al, Cu, and Mn, were also observed, Fig. 6. 
EDX maps show similarities and differences in the chemical 
composition of the particles in each alloy, Fig. 7. The rela-
tive weight percentages of Al, Cu, Fe, Mg, and Mn of the 
constituent particles were estimated based on the analysis of 
70 individual particles, as indicated in Fig. 8. The dissimi-
larities in their compositions is explained by the different 

Table 3.  Statistical data of grains size of the alloys used in this study

Statistic data Aluminum alloys

2024-T3 2198-T8 2198-T851

Length Width

Mean 40.05 1639.09 188.04 335.41
Standard deviation 11.51 203.88 72.3 128.67
Median 37.71 1624.37 183.52 320.29
Mode 33.83 1561.11 83.52 364.26
Minimum 16.67 1208.97 31.42 667.46
Maximum 67.18 1997.92 338.95 113.14
Count 120 120 120 120

Fig. 4.  Scanning electron 
micrographs showing the 
constituent particles present 
in the 2024-T3, 2198-T8, and 
2198-T851 alloys.

Fig. 5.  Scanning electron micrograph of the 2024-T3 alloy surface 
showing constituent particles. The circulated regions red and blue 
indicate the particles isolated and grouped, respectively.
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chemical composition of the alloys (Table 1). Table 4 shows 
the ratio between Cu and the main elements in the chemical 
composition of the studied alloys. The Cu/Mn ratio is infe-
rior for the 2024 than for the 2198 alloys, due to the lower 
Mn content in the Al–Cu–Li alloys compared to the Al–Cu 
one. This explains the absence of Mn enriched micrometric 
particles in the 2198 alloys. Besides, Mg enrichment in the 
micrometric particles was only observed in the 2024 alloy 
despite the fact that the studied alloys presented similar Cu/
Mg ratio. Also, the Cu/Fe ratio is higher in the 2198 alloys 
than in the 2024 but Fe was observed in the constituent 
particles of studied alloys due to its lower solubility in Al. 

Finally, the Al–Cu–Li alloys present similar Cu/Li ratio due 
to their similar chemical composition.

Each element is added to the alloy with specific purpose. 
Cu improves ductility and toughness; increases mechani-
cal resistance by second phases precipitation and by solid 
solution; minimizes the formation of PFZ (precipitate-free 
zone); favors precipitation of high copper content micro-
metric particles during casting, and low copper content dur-
ing aging [71]. Mg improves ductility, toughness, and the 
mechanical strength by precipitation of S phase  (Al2CuMg), 
as well as by solid solution, as shown in Fig.  6; decreases 
Li solubility and the alloy density. Li decreases density and 

Fig. 6.  EDX spectrum of the 
constituent particles present 
in the 2024-T3, 2198-T8, and 
2198-T851 alloys.

Fig. 7.  EDX maps showing the distribution of elements of the constituent particles present in the 2024-T3, 2198-T8, and 2198-T851 alloys.
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increases mechanical resistance due to precipitation of T1 
phase  (Al2CuLi) [72]. Mn controls grain size by precipita-
tion of AlCuFeMn phases [65], as shown in Figs. 5 and 6. 
Fe and Si were found in the Al-alloys as impurities. They 
promote the formation of micrometric intermetallic phases 
(micro and nanosized), reduce density and indorse uniform 
plastic deformation [71]. Mn presents higher solubility in 
aluminum than Fe, explaining the absence of Mn enriched 
constituent particles in the 2198 tested alloys [71]. The 
histogram presented in Fig. 9 shows the distribution of the 
constituent particles size in the analyzed alloys. The statisti-
cal data is shown in Table 5. It is seen that the constituent 
particles in the 2024-T3 alloy present more varied sizes than 
the Al–Cu–Li alloys. The 2198-T8 and 2198-T851 present 
particles with similar range of sizes, as shown in Fig. 10. 
On the other hand, the number and percentage of particles 
per area varied for each alloy, as shown in Figs. 11 and 12.

The constituent particles are also known as intermetal-
lics in the microstructure of the Al alloys. They are formed 
in the interdendritic regions during solidification or in the 
solid state during solution treatment, homogenization, or 
recrystallization and their formation is related to the alloy-
ing elements solubility in the Al alloys [73]. Si and Fe are 
impurities for the 2XXX series Al alloys and have low solu-
bility in the Al matrix. Consequently, Fe- and Si-enriched 
coarse intermetallic compounds are commonly found in the 

Fig. 8.  Average weight percentages of elements present in 70 individ-
ual constituent particles.

Table 4.  Weight elements ratio among the elements present in the 
chemical composition of alloys

Aluminum alloys Relation among the elements

Cu/Mn Cu/Mg Cu/Fe Cu/Li

2024-T3 9.23 8.16 34.28 –
2198-T8 > 100 10.78 83.5 3.56
2198-T851 > 100 10.68 82.75 3.45

Fig. 9.  Histogram of the constituent particle size distribution of the 
2024-T3, 2198-T8, and 2198-T851 alloys.

Table 5.  Statistical data of the average size of the constituent parti-
cles present in the alloys used in this study

Statistic data Aluminum alloys

2024-T3 2198-T8 2198-T851

Mean 2.40 1.67 1.91
Standard deviation 1.71 1.10 1.39
Median 1.79 1.33 1.46
Mode 0.91 0.94 0.94
Minimum 0.91 0.92 0.95
Maximum 16.65 14 13.92
Count 2940 1771 523

Fig. 10.  Average constituent particle size present in the alloys used in 
this study obtained by the image analysis software.
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2024 alloy. However, these intermetallics can consume other 
alloying elements during precipitation, such as Cu and Mg, 
and their nature depends on the solidification temperatures 
[74]. Each intermetallic has its nucleation and growth tem-
peratures that can be seen in the alloy phase diagram. For 
instance, the higher amounts of Mg and Mn in the 2024-
T3 alloy comparatively to the 2198 alloys tested resulted in 
growth and nucleation of Al–Fe–Cu–Mn and Al–Cu–Mg 
particles in the 2024 alloy. For the Al–Cu–Li alloys, the 
presence of Ag and Li favored precipitation of other par-
ticles, such as the Al–Cu and Al–Cu–Fe intermetallics 

observed. Also, it has been reported that traces of Ag and 
Mg in Al–Cu–Li alloys favor T1 phase precipitation kinetics; 
moreover, Ag also retarded the precipitation of S phase [75].

The 2024-T3 alloy presents the highest density and vari-
ety of particles among the tested ones. A comparison of the 
density of particles in the Al–Cu–Li alloys tested showed 
that the T8 alloy presented higher number of particles per 
area than the T851 alloy. It must be emphasized that the 
constituent particles have a negative effect on the corro-
sion resistance [21, 26, 27, 36–39, 51, 76–104] and on the 
electrochemical activity [49, 50, 105, 106] of the Al-alloys. 

Fig. 11.  The number of 
constituent particles present 
in the alloys used in this study 
obtained by the image analysis 
software.

Fig. 12.  Percentage of con-
stituent particles present in 
the alloys used in this study 
obtained by the image analysis 
software.
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These particles, depending on their composition, act as cath-
odes or anodes relatively to the matrix. For instance, the 
2024-T3 alloy contains particles with differences in their 
Cu-Fe contents. Thus, different oxidation behaviors are 
expected during anodizing of the 2024-T3 alloy compared 
with the 2198-T8 and 2198-T851 alloys [105]. The Fe-rich 
intermetallic compounds act as cathodes (nobler phase than 
matrix), whereas the S-phase as anode due to its Mg content 
[105].

Different morphology and sizes of intermetallic parti-
cles affect the corrosion behavior of Al alloys. According 
to Blanc and Mankowski [70] and Blanc et al. [77] the size 
and amount of particles in the 2024 alloy, besides their com-
position are among the most significant features influencing 
pitting properties. The passive film homogeneity decreased 
with increased size and number of intermetallic particles. 
Also, the composition of the particles has a strong effect 
on localized corrosion resistance. The Cu-enriched deposits 
that result from selective dissolution in Al–Cu–Mg inter-
metallics, besides the Cu deposition around these particles, 
alter the properties of the passive film resulting in a more 
conductive film, with the sites around the Cu-enriched par-
ticles of Cu deposits becoming preferential sites for pitting. 
For the 2198 alloys, pitting corrosion was mainly related 
to the nanometric T1 phase. Once the pitting occurs in the 
areas with higher density of T1 phase, it was related to 
grains of preferential orientation. The Al–Cu–Fe particles 
are cathodic to the matrix and represent a lower influence on 
pitting corrosion than the T1 anodic phase relatively to the 
matrix. Besides, a high density of constituent particles leads 
to imperfect anodized layers [51, 107]. Consequently, sur-
face pretreatments, prior to anodizing, is important, mainly 
for the 2024-T3 alloy when compared to the 2198 alloys 
used in this study.

It is important to point out that the constituent particles 
do not contribute to the mechanical properties of Al alloys 
[108]. However, the hardening phases which precipitate 
during aging treatments increase the mechanical proper-
ties. These phases are mainly the S  (Al2CuMg) and the 
T1  (Al2CuLi) phases for the Al–Cu and Al–Cu–Li alloys, 
respectively. Microhardness results for the alloys of this 
study are shown in Fig. 13a. The 2198-T8 alloy presented 
microhardness nearly 36  HV0.3 higher than that of the 2024-
T3. For the 2198-T851, different microhardness values were 
measured in the grains with or without slip bands, as shown 
Figs. 13b,c. The microhardness was approximately 25.7 
 HV0.3 higher for the grains with slip bands. Once the slip 
bands are preferential sites for nucleation of T1 phase [109], 
these grains have higher densities of T1 phase. This was sup-
ported by observation of surface during etching. Preferential 
attack of the T1 phase revealed the slip bands, as shown in 
Figs. 1, 2, and 13b,c.

As mentioned, the main hardening phase in Al–Cu–Li 
alloys is the T1 phase, Fig. 14. In the 2024-T3 alloy, the 
S  (Al2CuMg) and θ  (Al2Cu) phases are the main harden-
ing precipitates [110, 111]. The S phase is found in micro 
and nanoscale as coarse intermetallic particles, Fig. 6, or 
fine precipitates [111]. The fine precipitates are responsi-
ble for increased mechanical resistance. Also, in the 2024 
alloy, second phases with variable stoichiometry, com-
posed of Al–Cu–Fe–Mn–(Si) and Al–Cu–Mn, are com-
monly found, Figs. 15 and 16. In Table 6, the nanometric 
particles showed in Fig. 15 are identified. Nanometric 
phases enriched in Cu and Fe and with Ag at their borders 
were found in the Al–Cu–Li alloys, Fig. 17. Addition of 
Zr in Al–Cu–Li alloys leads to precipitation of Cu–Fe–Zr 
enriched nanometric phases, Fig. 18. Ag increases duc-
tility and toughness; favors stabilization of subgrains 

Fig. 13.  a Microhardness 
measurements of the alloys used 
in this study and Microhardness 
measurements in grains of b 
low density and c high density 
of slip bands in the 2198-T851 
alloy.
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and delays recrystallization [112]. Al–Cu–Fe enriched 
intermetallics are mostly found at the grain boundaries, 
whereas Al–Cu–Zr precipitates are confined inside the 
grains [4].

Once the 2198 was developed to replace the 2024-T3 
alloys in aircraft structures, their mechanical properties 
have been compared in the literature. It was observed 
that the differences between these alloys’ properties are 
dependent on their thermomechanical process conditions. 
For instance, it has been reported that when both kinds of 
alloys are naturally aged, the 2024 present better mechani-
cal properties than the 2198 [30, 113, 114]. On the other 
hand, when the 2198 is artificially aged or stretched its 

Fig. 14.  a Bright-field TEM 
micrograph of the Al–Cu–Li 
alloy, and b diffraction pattern 
of the selected area (SAED). 
The arrows red and yellow rep-
resented the grains boundaries 
and T1 phase.

Fig. 15.  a Bright-field image of the 2024-T3 alloy, b EDX maps showing the distribution of Al, Cu, Fe, Mg, Mn, and Si.

Fig. 16.  Bright-field image TEM of the 2024-T3 alloy showing the 
presence of Al–Cu–Mn phases.
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mechanical properties, as toughness and fatigue life time, 
are superior to the 2024-T3 alloy for aircraft applications 
[28, 115]. These observations are in agreement with the 
microhardness results where the 2198-T8 and 2198-T851 
alloys showed higher hardness values than the 2024-T3.

It is important to note that the S (Mg-rich) and T1 (Li-
rich) phases present distinct electrochemical behaviors, 
as reported in previous work [116]. Both elements, Mg 
and Li, are extremely reactive when compared to other 
alloying elements in the Al alloys [116]. However, the T1 
phase has a potential − 0.2 V inferior, when compared to 
that of the S phase [82]. The distinct nature of these phases 
leads to different types of corrosion attacks. The T1 phase 
promotes crystallographic attack and severe localize corro-
sion (SLC) [109], whereas, S phase leads to intergranular 
corrosion [38].

Fig. 17.  EDX maps showing the distribution of elements of the Al–Cu–Fe type nanometric particles present in the Al–Cu–Li alloys.

Fig. 18.  EDX maps showing the distribution of elements of the Al–Cu–Zr type nanometric particles present in the Al–Cu–Li alloys.

Table 6  Information about the nanometric particles present in 2024-
T3 shown in Fig. 15.

Particle Dominant composition Phases

1 Al–Cu–Mn Dispersoids
2 Al–Cu–Mn Dispersoids
3 Al–Cu θ phase
4 Al–Cu–Fe–Mn–Si Second phase
5 Al–Cu θ phase
6 Al–Cu–Fe–Mn–Si Second phase
7 Al–Cu–Mn Dispersoids
8 Al–Cu–Mn Dispersoids
9 Al–Cu–Mn Dispersoids
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The dissimilarities among Al–Cu–Mg and Al–Cu–Li 
alloys still provide many challenges for materials engineer-
ing. Complex metallurgical microstructures may be obtained 
in Al-alloys as a result of casting, homogenization, and sub-
sequent thermomechanical processing. These processes 
change the alloy microstructure, and consequently, the 
mechanical and corrosion resistance properties. Few modi-
fications in the manufacturing process may change the alloy 
microstructure. Consequently, studies on the microstructure 
evolution must be carried out to improve the knowledge on 
the correlation between processing and microstructure.

Conclusion

The microstructures of the Al–Cu–Mg and Al–Cu–Li alloys 
used in this study were investigated and the differences 
observed were correlated with their chemical composition 
and thermomechanical processing. The main hardening 
phases in the Al–Cu–Mg (2024-T3) and Al–Cu–Li (2198-
T8 and 2198-T851) alloys are the Mg-enriched S-phase and 
Li-enriched T1-phase, respectively. The 2024-T3 alloy pre-
sented two main types of constituent particles, specifically, 
Al–Cu–Mg and Al–Cu–Mn-Fe–(Si), whereas the 2198-T8 
and 2198–T851 alloys showed only one type of constituent 
particle, composed of Al–Cu–Fe. Higher density of constitu-
ent particles was related to the 2024-T3 comparatively to 
the 2198-T8 and 2198-T851. Microhardness results, on the 
other hand, indicated higher amounts of hardening nano-
metric precipitates in the 2198 alloys comparatively to the 
2024-T3 which was related to artificial aging in the 2198 
alloys whereas natural aging in the 2024 one. Finally, the 
T851 temper showed slip bands inside some grains, which 
were attributed to the stretching stage that is part of this 
treatment and resulted in preferential attack of the slip bands 
during chemical etching.
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